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Abstract 
 
 
Invasive plant species are considered as one of the greatest threats to biodiversity. The 
estimated cost of the damage they cause and its control reaches at least 10 million euros 
per year in Spain. As a result, their study and removal in order to revert to the original 
situation is a major issue, in both economic and environmental terms.  
 
Mediterranean coastal dunes are ecosystems with a high cultural and ecological value, 
and support many threatened and endemic species. One of the major invaders of 
Mediterranean ecosystems is a South African succulent species, Carpobrotus edulis (L.) 
N.E.Br. considered by the GEIB (Biological Invasions Specialist Group) as one of the 
20 most aggressive invasive species. In many parts of the world where C. edulis invades 
natural dune ecosystems (such as Southern Europe, California or Australia),  removal 
projects have been carried out in order to restore invaded dunes but they have not 
achieved the ultimate goal of dune restoration.  
 
In 2009, Conser and Connor found that C. edulis has strongly negative effects on the 
germination, survival and growth of Gilia Millifoliata, an annual plant native to the 
northern coastal region of California. To determine if the residual effects of C. edulis 
are widespread among other species in coastal plant communities, it is necessary to shed 
light onto the residual effects to the ecosystem caused by this invasive species. 
Understanding these effects will help land managers, restoration practitioners and 
scientists to more effectively manage and restore these ecosystems (Cox and Allen, 
2011).  
 
Therefore, in this thesis, the following hypothesis were tested and proved: (i) the Iberian 
Peninsula is highly endangered by Carpobrotus edulis (ii) C. edulis had strong effects 
on invaded soils (iii) residual effects on dune soil inhibit the establishment of native 
plant species (iv) Carpobrotus edulis competes with native species directly and 
indirectly (v) the microbial community and soil characteristics are not recovered after C. 
edulis has been removed. (vi) species which establish in the ecosystem after the removal 
of the invasive species are different from the native species. (vii) the disturbance of soil 
dune characteristics provoked by C. edulis increases emergence of ruderal nitrophilous 
seedlings. (viii) the ruderal nitrophilous species compete with the typical native dune 
species, preventing their establishment. (ix) invasion process and restoration activities 
are dependent on the development stages of the implicated plants 
 
 
Resumen 
 
Las species exóticas invasoras son consideradas como una de las mayores amenzads 
para la biodiversidad. El coste estimado que causan y su control alzanza los 10 
millones de euros al año en España. Por tanto su estudio y eliminación para revertir a 
la situación original es un tema muy importante tanto económica como 
ambientalmente. 
 
Las dunas costeras mediterráneas son ecosistemas con un alto valor cultural y 
ecológico y soportan muchas especies endémicas y amenazadas. Una de las especies 
invasoras más peligrosas de estos ecosistemas es la especie suculenta sudafricana 
Carpobrotus edulis (L.) N.E.Br., considerada por el GEIB (Grupo Especialista en 
Invasiones Biológicas) como una de las 20 especies invasoras más agresivas. En 
muchas partes del mundo donde C. edulis invade ecosistemas dunares nativos (Sur de 
Europa, California, Australia,…), se han llevado a cabo proyectos de eliminación, pero 
estos no han alcanzado el objetivo final de restauración dunar. 
 
Conser y Connor en 2009 encontraron que C. edulis causaba fuertes efectos negativos 
en la germinación, supervivencia y crecimiento de Gilia Millifoliata, una especie nativa 
anual de la región costera del norte de California. Para determinar si los efectos 
residuales de C. edulis están extendidos entre otras especies en las comunidades 
vegetales costeras, es necesario arrojar luz sobre los efectos residuales que la  invasora 
causa en el ecosistema. Comprender esos efectos ayudará a administraciones, 
restauradores y científicos a manejar y restaurar más eficientemente estos ecosistemas. 
 
Por lo tanto, en esta tesis, las siguientes hipótesis fueron testadas y provadas: 
(i) la Península Ibérica se encuentra altamente amenazada por C. edulis (ii) C. edulis 
tiene fuertes efectos en los suelos invadidos (iii) estos efectos residuales en el suelo 
dunar inhiben el establecimiento de las plantas nativas (iv) C. edulis compite con las 
especies nativas directa e indirectamente (v) la comunidad microbiana y las 
características del suelo no se recuperan tras la retirada de la invasora (vi) las 
especies que se establecen las la retirada de la invasora son diferentes a las especies 
nativas (vii) los cambios del suelo dunar provocan que aumente la aparición de 
especies ruderales (viii) las especies ruderales compiten con las especies dunares 
impidiendo su establecimiento. (ix) el proceso de invasion y las actividades de 
restauración  son dependientes del estado de desarrollo de las plantas implicadas. 
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"El peligro radica en que nuestro poder para dañar o 
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COMMON 
INTRODUCTION 
 
 
 
 
 
 
 
 
 
Coastal dune ecosystems 
 
 
Considering that a 71% of our planet is water and only 29% is land, we can say that the 
earth is a planet with 1,634,701 km of coastal shores (Martinez et al., 2007). 
Coastal ecosystems are located in an ecological frontier between land and marine 
systems. They have a dynamic that is determined by the interface of the continent, the 
ocean and the atmosphere, coming together in diverse factors such as water supply, 
sedimentation or erosion that make up the coastline (figure 1), forming estuaries, 
marshes, bays, cliffs or dunes. 
 
 
 
 
 
 
Figure 1: Coastal dune ecosystem 
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In particular, coastal dune ecosystems are very dynamic, constantly evolving and 
changing, and highly fragile. The adverse environmental conditions which affect the 
species of coastal dune ecosystems (such as the presence of salt spray, substrate 
mobility, strong winds or limited availability of water) cause a marked selection and 
specialization. Therefore, these ecosystems are of great biogeographical interest, and 
support many endangered and endemic species (Council Directive 92/43EEC). 
 
 
Dune vegetation 
 
Therefore, the plant species that form coastal dune vegetation are subject to a wide 
range of environmental conditions which are unfavorable for their establishment and 
development (Maun, 1994). 
 
In order to be able to live in these conditions, dune plant species develop different 
adaptations to various factors, such as soil salinity, salt spray, high winds, substrate 
movement, lack of nutrients or high temperatures (Hesp, 1991). It is because of these 
adaptations that coastal dune plant species in temperate areas all over the word are very 
similar, both in terms of their morphology and function (Akeroyd, 1997).  
 
Furthermore, there are positive and negative biological interactions between species in 
which their fitness or biological suitability is reduced or increased as a result of the 
presence of the other. Plants compete for light, nutrients, space, pollinators and water, 
but at the same time they protect each other from factors such as the impacts of 
herbivores, potential competitors, extreme weather and additional inputs of resources 
through the canopy or  mycorrhizal networks. (Brooker, RW et al., 2008). 
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Table 1.: Examples of plant adaptations to various environmental factors. 
ENVIRONMENTAL FACTOR ADAPTATION EXAMPLE 
Salt spray Cakile marítima  Salinity Preference 
 
Seawater inundation Cakile marítima Short Life Cycle 
Sand Burial 
Ammophila arenaria 
Growth stimulation against sand 
burial 
 
Drought 
Honckenya peploides  
Succulence as a defense 
mechanism to drought and 
salinity. 
 
High light intensity and 
temperature. 
Otanthus maritimus  
Pubescence as an adaptation to 
water loss because an excessive 
radiation 
 
Wind exposure 
Euphorbia peplis 
Aerodynamic shape as an 
adaptation mechanism to wind 
 
Marine erosion 
Pancratium maritimum  
Annual life cycle. 
In bad times it keeps the bulbs 
under the sand, and the seeds are 
dispersed by water 
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Current Status of coastal dune ecosystems 
 
 Since ancient times, the coast has been the 
preferred location for the establishment of towns 
and cities, trade routes, tourism and economic 
activities (Moreno-Casasola, 2004). As a result, 
around 41% of the world's population lives 
within a mile from the coast (French, 1997) and 
80% of the cities of more than 10 million people 
are located on the coast (Lézy, 1999). Taken at 
night, the photograph in Figure 2 shows how the 
highest density of population in the Iberian 
Peninsula is located in coastal areas. 
 
In order to prevent sand encroachment that could cause damage to human uses (such as 
homes, roads or crops...), throughout history we have fixed coastal dunes with 
vegetation (Kith and Tassara 1946, Watch Bottle 1989). In recent decades, the 
occupation of dunes by infrastructures and industries has been the main cause of the 
deterioration of these ecosystems. In addition, coastal areas support the pressure of 
thousands of people. As a result, coastal dunes are now highly deteriorated, facing a 
serious risk because of the trade-off between conservation and tourism development 
(García Mora et al., 1998). 
 
In Spain, coastal dunes are in the Public Domain (Coastal Act, 1988) and belong to the 
State. This means that the State is responsible for ensuring the protection, conservation 
and restoration of coastal dunes. Spain has about 7880 km of coastline, of which 40% 
are dune ecosystems. Nowadays, out of this 40%, only 45% are still conserved. 
 
Figure 3 shows some examples of the man-made destruction of coastal habitats: 
infrastructures in Sanxenxo, tourism development in Benidorm, ENCE industry in 
Pontevedra, the occupation of the beaches of southern Spain, coastal pine forests or 
invasions by exotic species. 
 
 Fig. 2.: Picture from NASA 
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Biological invasions in coastal dune ecosystems 
 
Invasions by alien species have been considered to be the second most important change 
to the composition, structure and functioning of natural ecosystems worldwide, after 
habitat destruction (Simberloff et al., 2005). Apart from being considered as one of the 
greatest threats to biodiversity (eg. Cronk and Fuller 1995, Chapin et al. 2000; Kowarik 
2003), biological invasions may increase with global climate change (Dukes and 
Mooney, 1999; Mooney and Hobbs, 2000). 
 
Invasive plant species in particular are those that are intentionally or accidentally 
introduced by human activity, which are capable of reproducing in large numbers, 
maintaining populations without human intervention and spreading exponentially, 
occupying large areas (Richardson et al., 2000). These phenomena lead to the 
progressive and often irreversible homogenization of plant communities (Mack et al., 
2000, Vitousek et al., 1997). Therefore, in theory, a non-native plant species can be 
considered invasive when it enters an exponential phase of dispersion (Pyŝek, 1995). 
   
Infrastructures Urbanizations Industry 
   
Human Pressure Dune fixing Biological invasions 
 
Figure 3.:  Main causes of alteration of the coastal sedimentary dynamics. 
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Native plant communities are derived from the coevolution of the species that form 
them. Competition is an important factor that determines the structure and function of 
these communities. Therefore, a knowledge of the new competitive relationships 
established between native and invasive species is a key factor in the study of plant 
invasions. It is expected that plant invasions lead to long-term loss of biodiversity and a 
permanent change in ecosystem processes (D’Antonio and Vitousek, 1992; Wiser et al., 
1998). 
 
Plant invasions are therefore an important component of global environmental change, 
altering ecosystems and competing with native species causing economic losses (Hobbs 
& Humphries, 1995; Vitousek et al., 1996; DiTomaso, 2000; Levine et al., 2003; Dukes 
& Mooney, 2004; D'Antonio & Hobbie, 2005). In addition, invasive plants may act 
synergistically with other elements of global change, including the change in land use 
(Vitousek et al., 1996, Hobbs, 2000), climate change (Dukes & Mooney, 1999; 
Simberloff, 2000; Kriticos et al., 2003), increased concentrations of atmospheric carbon 
dioxide and nitrogen deposition (Dukes & Mooney, 1999; Dukes, 2002; Weltzin et al., 
2003). 
 
In particular, coastal dune ecosystems are highly susceptible to invasion by exotic plants 
because of the movement of sand that opens spaces susceptible to colonization by exotic 
species. Figure 4 shows some of the most common invasive plants found on the dunes 
of the Iberian Peninsula. 
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Oxalys pes-caprae     
** 
Stenotaphrum secundatum              
** 
Bacopa monnieri 
** 
 
ç  
 
Vinca difformis            
* 
Arcotheca caléndula  
** 
Carpobrotus edulis   
*** 
Figure 4.: Examples of invasive species present in the Spanish coastal 
ecosystems. 
 
*: Low threat level. **: Medium threat level. ***: High threat level. 
 
 
The exotic species Carpobrotus edulis 
 
 Carpobrotus edulis (L.) N.E. Br. (fig. 5) 
(commonly known as the ice plant) is a 
perennial succulent plant native to South 
Africa (Albert 1995), introduced by humans 
in coastal dunes mainly due to its ability to 
stabilize them. C. edulis invades coastal 
habitats in many parts of the world 
(D'Antonio, 2006) such as Australia, New 
Zealand, United States, Chile and southern 
Europe (fig. 6.), forming dense mats that cover the substrate and completely change it, 
modifying light and nutrient conditions. This modification of the substrate is easily 
observable (Fig. 7.) 
 
Fig. 5.: Carpobrotus edulis (L.) 
N.E.Br. 
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Fig. 6. Carpobrotus edulis distribution from South Africa. 
 
 
 
 Fig. 7. Invaded soil by C. edulis (dark soil) vs Native soil (light soil). 
 
Three types of reproductive patterns for C. edulis have been proposed: clonal growth, 
seed production and hybridization. Like other clonal plants it can vary between 
vegetative growth and sexual reproduction, depending on habitat quality (Hesse et al. 
2008; Roiloa and Retuerto 2006). Clonal growth seems to be a common feature of many 
of the most aggressive invasive plants, which allows them to colonize the areas and 
survive under unfavorable conditions (Roiloa et al., 2009). Figure 8. shows some of the 
9      
 
 
 
possible competitive interactions that may occur between C. edulis and native species 
during the invasion process. 
 
 
 
 
 
 
 
 
 
Figura 8.: Conceptual model of some of the possible interactions between the 
invasive species Carpobrotus edulis and native species of coastal dune 
ecosystems. 
 
  
Water and nutrients competition 
Soil environment and soil biota modifications 
Release of 
allelochemicals 
Effects on herbivores, pathogens, and pollinators 
Light competition  
Fixing the 
substrate Physic 
contact 
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INTRODUCCIÓN COMÚN 
 
 
 
 
 
 
Ecosistemas dunares costeros.  
 
 
Teniendo en cuenta que el 71% de nuestro planeta es agua, y tan solo el 29% es tierra, 
se puede afirmar que el planeta tierra es un planeta costero con 1.634.701 km de costas 
(Martínez et al., 2007).  
Los ecosistemas costeros se encuentran en la frontera ecológica entre los sistemas 
terrestres y los marinos.  Tienen una dinámica determinada por la interfase del 
continente, el océano y la atmósfera, confluyendo en ella diversos factores (aporte de 
agua, sedimentación, erosión, …) que conforman la línea de costa (fig. 1), formando 
estuarios, marismas, bahías, acantilados, dunas... 
 
 
 
 
Los ecosistemas dunares costeros, en particular, son ecosistemas muy dinámicos, en 
constante evolución y cambio, y de gran fragilidad. Las condiciones ambientales 
Figura 1: Ecosistema dunar costero 
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adversas a las que se ven sometidas las especies de los  ecosistemas dunares costeros, 
tales como la presencia de rociado salino, la movilidad del sustrato, los intensos 
vientos o la escasa disponibilidad hídrica, provocan una marcada selección y 
especialización. Por ello, estos ecosistemas tienen un alto interés biogeográfico, y 
sustentan muchas especies amenazadas y endemismos (Council Directive 92/43EEC).  
 
 
Vegetación dunar 
 
 
Las especies de plantas que forman la vegetación de las dunas costeras, por tanto, 
están sometidas a un amplio conjunto de condiciones ambientales poco favorables para 
su establecimiento y desarrollo (Maun, 1994).  
Para lograr vivir en estas condiciones, las especies de la flora dunar desarrollan 
diferentes adaptaciones ante diversos factores: la salinidad del suelo, el rociado salino, 
los fuertes vientos, el movimiento del sustrato, la escasez de nutrientes, las altas 
temperaturas,… (Hesp, 1991). Es debido a estas adaptaciones que las especies de 
plantas de las dunas costeras en las zonas templadas del mundo presentan una gran 
similitud, morfológica y funcional (Akeroyd, 1997). En la tabla 1. se presentan algunos 
ejemplos de adaptaciones de las plantas a diversos factores limitantes característicos 
de los ecosistemas dunares costeros. 
Además, existen interacciones biológicas entre especies, tanto positivas como 
negativas, en la cual la aptitud o adecuación biológica de una es reducida o aumentada 
a consecuencia de la presencia de la otra. Las plantas compiten por luz, nutrientes, 
espacio, polinizadores y agua, pero al mismo tiempo se protegen entre ellas de los 
impactos de los herbívoros, de competidores potenciales, climas extremos y aportes 
adicionales de recursos a través del dosel vegetal, mejora microbiana, redes 
micorrícicas…(Brooker, R. W. et al.,2008).   
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Tabla 1.: Ejemplos de adaptaciones de las plantas a diversos factores ambientales. 
FACTOR AMBIENTAL ADAPTACIÓN EJEMPLO 
Spray salino Cakile marítima Preferencia por la salinidad 
 
Inundación por agua de mar Cakile marítima Ciclo de vida corto 
Enterramiento por arena 
Ammophila arenaria 
Estimulación del crecimiento ante 
el enterramiento por arena 
 
Sequía 
Honckenya peploides  
Suculencia como mecanismo de 
defensa ante la sequía y 
salinidad. 
 
Alta intensidad de luz, altas 
temperaturas. 
Otanthus maritimus  
Pubescencia como adaptación a 
la pérdida de agua por radiación 
excesiva 
 
Exposición al viento 
Euphorbia peplis 
Forma aerodinámica como 
mecanismo de adaptación 
 
Erosión marina 
Pancratium maritimum  
Ciclo de vida anual. 
En las épocas adversas mantiene 
los bulbos bajo la arena, y las 
semillas se dispersan por el agua 
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Estado actual  de los ecosistemas dunares costeros 
 
 
Las costas son, desde tiempo antiguo, los 
lugares favoritos para el establecimiento de 
pueblos y ciudades, rutas comerciales, turismo y 
actividades económicas (Moreno-Casasola, 
2004). Como resultado, alrededor del 41% de la 
población mundial vive a menos de un kilómetro 
de la costa (French, 1997) y el 80% de las 
ciudades de más de 10 millones de habitantes 
son costeras (Lézy, 1999). En la figura 2. se 
puede observar a través de las luces nocturnas, que la mayor densidad de población en 
la Península Ibérica, está situada en las zonas de costa.  
Desde antiguo, y con el fin de evitar la invasión de arenas que pudieran producir daños 
a usos humanos (viviendas, carreteras, cultivos,…), se ha procedido a la fijación con 
vegetación de las dunas costeras (Kith y Tassara 1946, Mira Botella 1989). En las 
últimas décadas, la ocupación del espacio dunar por infraestructuras, urbanizaciones e 
industrias, han sido las principales causas del deterioro, a veces irreversible, de estos 
ecosistemas. Además, las zonas costeras, soportan la presión de miles de personas que 
anualmente ven en las playas un lugar de ocio y esparcimiento. Como resultado, las 
dunas costeras presentan actualmente, en su mayoría, un alto grado de deterioro y, las 
zonas conservadas, se enfrentan a un grave riesgo por la disyuntiva entre conservación 
y desarrollo turístico (García Mora et al., 1998). 
En España, la mayor parte del territorio dunar costero, es Dominio Público Marítimo 
Terrestre (Ley de Costas, 1988) y pertenecen al Estado. Es, por tanto, el Estado, el 
encargado de velar por la protección, conservación y restauración de las dunas 
costeras. 
España cuenta con unos 7880 km de costa, de los cuales un 40% corresponde a 
sistemas dunares, permaneciendo de forma natural el 45% de los mismos.  
En la figura 3. se pueden observar algunos ejemplos de destrucción de hábitats 
costeros por causas antropológicas: las infraestructuras de Sanxenxo, el desarrollo 
 Fig. 2.: Fotografía de la NASA 
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inmobiliario de Benidorm, la fábrica de ENCE en Pontevedra, la ocupación de las 
playas del sur en verano, los pinares costeros o la invasión por especies exóticas. 
 
 
Invasiones biológicas en los ecosistemas dunares costeros. 
 
Las invasiones por especies exóticas han sido consideradas la segunda causa más 
importante del cambio en la composición, estructura y funcionamiento de los 
ecosistemas naturales de todo el mundo, después de la destrucción de hábitats 
(Simberloff et al., 2005). Además de ser consideradas como una  de las mayores 
amenazas a la biodiversidad (ej., Cronk and Fuller, 1995; Chapin et al., 2000; 
Kowarik, 2003), las invasiones biológicas podrían incrementar con el cambio climático 
global  (Dukes and Mooney, 1999; Mooney and Hobbs, 2000). 
Las especies vegetales invasoras, en concreto, son aquellas especies introducidas  
intencionada o accidentalmente en un área dada como resultado de la actividad 
antrópica, siendo capaces de reproducirse en gran número y mantener poblaciones sin 
necesidad de intervención humana, así como de propagarse exponencialmente 
ocupando grandes superficies (Richardson et al., 2000); lo cual conduce a la 
   
Infraestructuras Urbanizaciones Industrias 
   
Presión humana Fijación de dunas Invasiones biológicas 
 
Figura 3.: Principales causas de alteración de la dinámica sedimentaria costera 
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homogeneización progresiva y a menudo irreversible de las comunidades de plantas 
(Mack et al., 2000; Vitousek et al., 1997). Así, teóricamente, una especie vegetal 
alóctona puede ser considerada invasora cuando entra en una  fase exponencial de 
dispersión (Pyŝek, 1995). 
Las comunidades vegetales autóctonas proceden de la coevolución de las especies que 
la forman. La competencia es un elemento importante que determina la estructura y 
función de esas comunidades. Por ello, es de vital importancia conocer las nuevas 
relaciones competitivas establecidas entre las especies autóctonas y la especie invasora 
a la hora de abordar el estudio de las invasiones vegetales. Se espera que las 
invasiones vegetales conduzcan a una pérdida a largo plazo de la biodiversidad y a un 
cambio permanente en los procesos del ecosistema (D'Antonio y Vitousek, 1992; Wiser 
et al., 1998).  
Las invasiones vegetales son, por tanto, un componente importante del cambio 
ambiental global, ya que alteran los ecosistemas, compiten con especies nativas y 
causan pérdidas económicas (Hobbs & Humphries, 1995; Vitousek et al., 1996; 
DiTomaso, 2000; Levine et al., 2003; Dukes &Mooney, 2004; D’Antonio & Hobbie, 
2005).  Pero además, las plantas invasoras, pueden actuar sinérgicamente con otros 
elementos del cambio global, incluido el cambio en el uso del suelo (Vitousek et al., 
1996; Hobbs, 2000), el cambio climático (Dukes & Mooney, 1999; Simberloff, 2000; 
Kriticos et al., 2003), el incremento de las concentraciones de dióxido de carbono 
atmosférico y la deposición de nitrógeno (Dukes& Mooney, 1999; Dukes, 2002; Weltzin 
et al., 2003).  
Los ecosistemas dunares costeros en particular, son ecosistemas muy susceptibles a la 
invasión por plantas exóticas ya que las perturbaciones causadas por el movimiento de 
arena producen constantemente espacios abiertos susceptibles para la colonización por 
especies foráneas. En la figura 4. están representadas algunas de las especies vegetales 
invasoras más comunes en las dunas de la Península Ibérica. 
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Oxalys pes-caprae     
** 
Stenotaphrum secundatum              
** 
Bacopa monnieri 
** 
 
ç  
 
Vinca difformis            
* 
Arcotheca caléndula  
** 
Carpobrotus edulis   
*** 
Figura 4.: Ejemplos de especies invasoras presentes en los ecosistemas costeros de 
España. 
*: Nivel de peligrosidad bajo. **: Nivel de peligrosidad medio. ***: Nivel de 
peligrosidad alto. 
 
 
 La especie exótica invasora Carpobrotus edulis 
 
Carpobrotus edulis (L.) N.E. Br. (fig. 5) 
(comúnmente uña de gato), es una planta 
suculenta y perenne nativa de Sudáfrica 
(Albert 1995), introducida por el hombre en 
las dunas costeras debido principalmente a 
su capacidad de estabilizar el terreno. C. 
edulis invade los hábitats costeros en 
muchas partes del mundo  (D'Antonio, 2006) 
como Australia, Nueva Zelanda, Estados 
Unidos, Chile o el sur de Europa (fig. 6.); formando una especie de tapiz continuo que 
recubre el sustrato y lo cambia por completo modificando las condiciones de luz y 
nutrientes. Esta modificación del sustrato es observable a simple vista (Fig. 7.) 
 
Fig. 5.: Carpobrotus edulis (L.) 
N.E.Br. 
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Fig. 6. Distribución de Carpobrotus edulis desde Sudáfrica 
 
 
 Fig. 7. Suelo invadido por C. edulis (suelo oscuro) VS Suelo nativo (suelo claro). 
 
Se han propuesto 3 tipos de patrones reproductivos de C. edulis: el crecimiento clonal, 
la producción de semillas y la hibridación. Como otras plantas clonales, puede variar 
entre crecimiento vegetativo y reproducción sexual, en función de la calidad del hábitat 
(Hesse et al., 2008; Roiloa y Retuerto, 2006). El crecimiento clonal parece ser un rasgo 
común de muchas de las especies de plantas invasoras más agresivas, el cual le permite 
colonizar la zona y sobrevivir en las condiciones desfavorables impuestas por los altos 
niveles de competencia ( Roiloa et al., 2009). En la figura 8. se muestran algunas de las 
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posibles interacciones competitivas que se podrían producir entre C. edulis y las 
especies nativas durante el proceso de invasión. 
 
 
 
 
 
 
 
 
Figura 8.: Modelo conceptual de algunas de las posibles interacciones entre la 
especie invasora Carpobrotus edulis y las especies nativas de los ecosistemas 
dunares costeros. 
 
Competencia por agua y nutrientes 
Modificaciones del medio edáfico y de la biota del suelo 
Liberación de 
aleloquímicos 
Efectos sobre herbívoros, patógenos, y polinizadores 
Competencia por luz  
Fijación 
del sustrato Contacto 
físico 
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COMMON OBJECTIVE 
 
 
 
 
The main objective of this thesis is to Know what threats Carpobrotus edulis pose to 
the conservation of coastal dune ecosystems and to Discover how to restore 
successfully the invaded areas. To do this, we try to answer the following questions: 
 
1. What is the current situation on the Iberian Peninsula? How far off the coast of the 
Peninsula are threatened with the same intensity by the South African species 
Carpobrotus edulis? 
 
2. Carpobrotus edulis has been introduced with the aim of fixing the dunes. What is its 
impact in the soil? How does the effect on the soil affect the establishment of native 
flora? 
 
3. Does Carpobrotus edulis compete directly with native plant species? What is the 
effect on them? 
 
4. Going further: Does synergistic effects exist between the soil characteristics modified 
by Carpobrotus edulis?. Besides changes in the soil and direct competition with native 
species, what other variables are significant in the success of invasive Carpobrotus 
edulis? 
 
5. If we decide to restore an area invaded by Carpobrotus edulis, is it enough to remove 
it? 
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OBJETIVO COMÚN 
 
 
 
 
El principal objetivo de esta Tesis es el de Conocer la amenaza real que supone la 
especie invasora Carpobrotus edulis para la conservación de los ecosistemas dunares 
costeros y Descubrir cómo restaurar satisfactoriamente las zonas invadidas. Para ello, 
pretendemos responder a las siguientes preguntas: 
 
1. ¿Cuál es la situación actual en la Península Ibérica? ¿Hasta qué punto las costas de la 
Península se encuentran amenazadas con la misma intensidad por la especie sudafricana 
Carpobrotus edulis? 
 
2. Carpobrotus edulis ha sido introducido con el objetivo de fijar el terrero. ¿Cómo 
afecta su presencia al suelo? ¿Qué repercusiones tienen estos cambios en el 
establecimiento de la flora nativa?  
 
3. ¿Compite directamente con las especies vegetales nativas? ¿Qué efecto tiene sobre 
ellas? 
 
4. Yendo más allá: ¿Existen efectos sinérgicos entre las características del suelo 
modificadas por Carpobrotus edulis?. Además de los cambios en el suelo y de la 
competencia directa con las especies nativas, ¿qué otras variables tienen importancia en 
el éxito invasor de Carpobrotus edulis?  
 
5. Si decidimos restaurar una zona invadida por Carpobrotus edulis, ¿es suficiente con 
retirarlo? 
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CHAPTER 1 
 
WHAT IS THE CURRENT SITUATION IN THE IBERIAN 
PENINSULA? TO WHAT EXTENT IS ITS COASTLINE 
THREATENED BY THE SOUTH AFRICAN SPECIES 
CARPOBROTUS EDULIS? 
¿CUÁL ES LA SITUACIÓN ACTUAL EN LA PENÍNSULA IBÉRICA? 
¿HASTA QUÉ PUNTO LAS COSTAS DE LA PENÍNSULA SE 
ENCUENTRAN AMENAZADAS POR LA ESPECIE SUDAFRICANA 
CARPOBROTUS EDULIS? 
!
!
!
!
Introduction 
!
To date, many factors in relation to the invasion of Carpobrotus edulis have been 
investigated, such as the pollination process (Moragues and Traveset 2005, Bartomeus 
et al 2007, Vilá 2008), reproductive strategies (Suehs et al 2004), the role of the release 
from soil pathogens (Van Grunsven et al 2009), the role of insular effects (Suehs et al 
2005) and fire (Zedler and Scheid 1988, Brooks et al 2004) on its spread, the role of 
cloning (Roiloa et al 2010), hybridization (Gallagher et al 1997, Albert et al 1997, 
Suehs et al 2001, Suehs et al 2004, Vilá and D’Antonio 1998, Vilá and D’Antonio 
1998b), habitat selection (Carranza et al 2011) and landscape patterns (Carranza et al 
2010). However, the actual situation and real threat that C. edulis represents for coastal 
dune biodiversity has never been explored. 
 
The dispersal of seeds via the digestive tract of herbivores or endozoochory has been 
studied for many years (Ridley 1930, Fernández and Sáiz 2007). Endozoochory may 
become an efficient mechanism for the spread of non-native species into new 
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environments (D’Antonio, 1990). The role of the European rabbit (Oryctolagus 
cuniculus) as a seed disperser has been studied from a quantitative perspective mainly in 
Mediterranean continental environments (D’Antonio, 1990; Cervan and Pardo, 1997). 
Carpobrotus produces a fleshly indehiscent fruit in the early spring which remains on 
the plant until autumn, when it can be eaten by a variety of mammals (Bourgeois et al. 
2005). In fact, it is known that European rabbits mostly eat C. edulis fruits (Marques 
and Mathias 2009).  This favors the invasiveness of Carpobrotus, increasing its invasive 
ability in adverse conditions. The dispersal capacity of non-specific highly mobile 
mammalian species (D’Antonio 1990, Novoa et al unpublished) implies that we 
consider the presence of C. edulis to be a threat to native plants located within one 
kilometre of the exotic (Bourgeois et al 2005). 
  
In order to prevent the irreversible loss of some coastal species and ecosystems, it is 
necessary to know the extent of the factors that have an impact on it. As C. edulis is 
considered a severe threat to native plant diversity (Traveset et al. 2008), we expect an 
alarming situation in coastal dune ecosystems of elevated cultural and ecological 
interest, and with many threatened and endemic species (Council Directive 92/43EEC). 
In this context, we examined the real threat that C. edulis poses to endangered species 
and coastal dunes along the coast of the Iberian Peninsula, a priority area for 
conservation due to the large number of rare or endemic species it contains (Maltez-
Mouro et al. 2010).  
 
 
Hypothesis 
 
Carpobrotus edulis constitutes a real threat to the conservation of the plant biodiversity 
of the Iberian Peninsula. 
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Materials and methods 
 
Study area  
 
The whole coastal area of the Iberian Peninsula was chosen as a study area. The coast of 
the Iberian Peninsula is dominated by two biogeographical regions: the Northern coast, 
included in the Eurosiberian region, and the Western Atlantic and Mediterranean coast, 
dominated by a gradient of mediterraneity from North to South (fig. 1) (Rivas-Martínez 
et al. 2004).  
 
 
 
 
 
 
 
 
 
Fig. 1. Biogeographical regions of the Iberian Peninsula 
 
This high environmental heterogeneity explains why the coast of the Iberian Peninsula 
has long been recognized for its high levels of species richness, rarity and endemicity, 
being considered as a priority area for conservation (Myers et al. 2000, Maltez-Mouro et 
al. 2010). Data was gathered from a total distance of 7880 km along the Iberian coast in 
2011 and 2012.  
 
Sampling design 
 
A database was created, first gathering all of the endangered coastal dune plant species 
of the Iberian Peninsula, based on the red book, lists and catalogs of threatened flora 
(Aguilella et al 2010, Aizpuru et al 2010, Aymerich et al 2010, Blanca et al 1999, 
42   What is the current situation on the Iberian Peninsula?      
 
Bañares et al 2004, Decreto-Lei nº 140/99, González et al 2005, Moreno Moral et al 
2001, Romero Buján 2007, Sánchez Gómez et al). 
 
The distribution of each endangered species was taken from the Anthos database 
(Castroviejo et al. 2006), which is constantly updated. We completed the data with 
additional records from local herbaria, recent literature, unpublished data and interviews 
with local people. Sites from the Douro and Beira Litoral regions were excluded as it 
was not possible to collect sufficient data. We also contrasted the list with personal 
yield observations from all over the Iberian Peninsula in 2011 and 2012. If new 
populations of endangered species were found when visiting the dunes, these were also 
recorded. Geographical coordinates were obtained for each revised or newly recorded 
site using GPS. The same protocol was applied for the invasive species C. edulis.  
 
 
Figure 2. One page of the latest edition of the threatened database dune plants 
(TDPD). Own elaboration. 
 
As rats and rabbits, the primary seed dispersers of Carpobrotus sp, are capable of 
dispersing the seeds of C. edulis up to one kilometer away (Bourgeois et al 2005), we 
considered that the presence of C. edulis is a threat to the native plants if it is located 
within one kilometer of them. Thus, comparing the presence/absence of C. edulis in the 
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vicinity of the native endangered species (1 km) we predicted the real threat that C. 
edulis poses for the preservation of coastal dune plant biodiversity. 
 
Results and discussion 
 
The results obtained showed that there are 176 endangered species in the coastal dunes 
of the Iberian Peninsula. Of these, 18 are not threatened by C. edulis, while there are 
126 that are threatened by the invasive (we did not obtain robust data on another 32 
species to reach a global conclusion). Of these 126 endangered species threatened by the 
presence of C. edulis, 33 have less than 25% of their population at threat from 
Carpobrotus, 38 have threatened populations of between 25% and 50%, 38 between 
50% and 75%, and 17 of these endangered species have more than 75% of their 
populations within 1 kilometer of the invasive C. edulis (Fig. 3). 
 
Moreover, the areas with the most threated biodiversity were the Baixo Alentejo in 
Portugal (84.2%), and Cantabria in Spain (61.8%) (Table 1). 
 
 
 
Fig. 3. Threat level of endangered coastal 
dune plant species.  
75%, between 50 and 75%, between 25 and 
50%, less than 25% or no threaten 
 
 
>75% 
50-75% 
25-50% 
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0% 
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Table 1. Number of endangered costal dune plant species and threat percentage of 
C. edulis. ID: insufficient data. 
 Spain 
 Galicia Asturias Cantabria País Vasco Cataluña Comunidad 
Valenciana 
Murcia Andalucía 
Number of 
endangered 
species 10 14 12 18 26 30 8 46 
% Threat 46.3 53.7 61.8 56.4 58.7 36.5 16.8 26.5 
 
 
Portugal 
 Minho Douro 
litoral 
Beira 
litoral 
Estremadura Baixo 
alentejo 
Algarve 
Number of 
endangered 
species 7 ID ID 24 23 46 
% Threat 33.3 ID ID 50.9 84.2 34.4 
 
Delimiting distinct biotic regions provides an important framework for defining 
conservation priorities (Whittaker et al., 2005). By creating this database, we prove that 
the coastline of the Iberian Peninsula is under serious threat by the invasive species C. 
edulis. It grows all over its coastal ecosystems, threatening the preservation of its 
biodiversity. Therefore, understanding the invasion process and how to eradicate C. 
edulis is a fundamental task in preserving the biology of Mediterranean dune 
ecosystems. 
 
 
Conclusion  
 
The coastline of the Iberian Peninsula is seriously threatened by the invasive species C. 
edulis, changing its morphology, ecosystem function, soil characteristics and 
geochemical cycles Endangered coastal dune plant species of the Iberian Peninsula are 
gravely threatened by C. edulis as a result of direct competition and habitat destruction.  
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CARPOBROTUS EDULIS HAS BEEN INTRODUCED WITH THE 
AIM OF FIXING THE DUNES. WHAT IS ITS IMPACT ON THE 
SOIL? HOW DOES THIS AFFECT THE ESTABLISHMENT OF 
NATIVE FLORA? 
CARPOBROTUS EDULIS HA SIDO INTRODUCIDO CON EL 
OBJETIVO DE FIJAR EL TERRERO. ¿CÓMO AFECTA SU PRESENCIA 
AL SUELO? ¿QUÉ REPERCUSIONES TIENE EN EL 
ESTABLECIMIENTO DE LA FLORA NATIVA? 
!
!
!
!
Introduction 
 
Communities of soil microorganisms provide ecosystem services and control life 
support functions (decomposition, nutrient cycling, soil carbon storage, production of 
greenhouse gases, degradation of pollutants, and maintenance of soil structure) 
(Marchante et al. 2008). They release extracellular enzymes that allow them to access 
energy and nutrients present in complex substrates, catalyzing the initial step of 
decomposition and nutrient mineralization (Allison and Vitousek 2004).  
The functional capacity of a soil microbial community varies between soils dominated 
by different plant species (Kourtev et al. 2002). Therefore, invasion by exotic plant 
species represents a major threat to ecosystem stability (Mack et al. 2000). When the 
species composition of a community changes due to the invasion and spread of an 
exotic, there are consequent changes in nutrient cycling processes (Ehrenfeld 2003). In 
some cases, a given species has different effects in different sites, suggesting that the 
composition of the invaded community and/or environmental factors such as soil type 
may determine the direction and magnitude of ecosystem-level impacts (Ehrenfeld 
2001).  
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As a result, differences in plant size, spatial distribution and tissue chemistry lead to 
changes in C and N cycling. Also, differences in the quantities and qualities of inputs to 
the soil by different plant species may reflect alterations in the soil microbial 
community (Grierson and Adams 2000). Nutrient dynamics may also be altered as a 
result of changes in the physical properties of the soil caused by the introduction of new 
species. Another qualitative change that may be important is the introduction of exotic 
species with novel compounds in their tissues, as well as large litterfall masses (Boon 
and Johnstone 1997); these compounds can strongly inhibit the microbial colonization 
of leaf litter and can be associated with very slow decomposition rates in its native 
habitat (Boon and Johnstone 1997). Changes may also result from alterations in the 
patterns of species dominance within the plant community, since the effects of a given 
species on ecosystem processes are modulated by its relative abundance within the 
community. Changes in plant functional types (herbaceous versus woody plants, N-
fixing versus non-fixing species, C3 versus C4 species and so on), are also associated 
with changes in the distribution and dynamics of soil nutrients. This means that there 
are a variety of mechanisms through which changes in the species composition of a 
community may alter nutrient cycling processes (Ehrenfeld 2003). 
The carbon, nitrogen and phosphorus cycles are essential components of the processes 
and functioning of ecosystems. It is necessary to understand how these cycles 
correspond to the invasion of exotic species (Liao et al 2008), since soil microorganisms 
or soil nutrient levels can have a significant effect on the success of invasive species 
(Levine et al. 2003; Reinhart and Callaway 2006; Jordan et al. 2008). The physico-
chemical characterization and assessment of biological parameters related to soil 
microbial activity provide a broad perspective through which to assess the status of the 
invaded community in terms of soil quality (Schloter et al. 2003).  
Carpobrotus edulis presents different plant sizes, spatial distributions, litterfall masses, 
decomposition rates and plant functional types (CAM metabolism) than those of native 
plants. It may therefore change the quality of invaded microsites, involving a major 
impact on community composition, diversity, succession and microbial community 
(Donath and Eckstein 2009).  
Moreover, seed germination is one of the most vulnerable stages of a plant’s life cycle, 
as the development of a new generation depends on it (Matilla 2003). Once invasive or 
native seeds reach a site, the degree of invasibility and invasiveness ultimately depend 
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on the availability of safe sites for seed germination (Donath et al. 2006; Donath and 
Eckstein 2010). Therefore, changes in the quality of microsites by Carpobrotus edulis, 
probably also have a major impact on seed germination and seedling emergence (Fenner 
and Thompson 2005; Donath and Eckstein 2010). 
A detailed study of the changes in the quality of microsites due to the presence of C. 
edulis, and the impact that these changes have on the germination and establishment of 
native and invasive species is crucial in order to understand the invasion strategies 
followed by the exotic species C. edulis. 
 
 
Hypothesis 
 
1. Carpobrotus edulis changes the soil characteristics, nutrient availability and nutrient 
cycle differently depending on the initial characteristics of the invaded ecosystems.  
2. The disturbance of soil dune characteristics by C. edulis increases the emergence of 
C. edulis seedlings.  
3. Native dune soil characteristics are more appropriate to native plant germination than 
invaded soil characteristics. 
 
 
Material and methods 
 
Study site 
 
We conducted the experiment along the Iberian Peninsula, covering different soil 
features and microclimatic ranges (Fig. 1 and Table 1). We sampled soils in 6 different 
areas corresponding to spaces on the Nature 2000 (Habitat Directive 92/43 – Annex I: 
Natural habitat types of community interest whose conservation requires the designation 
of special areas of conservation). All of them correspond to the category of Habitat 
2230: Malcolmietalia dune grasslands, unless the dunes of La Flecha, Huelva 2270: 
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Wooded dunes with Pinus pinea and/or Pinus pinaster and the dunes of Arriba Fósil-
Mata dos Medos, Lisbon 2250: * Coastal dunes with Juniperus spp. (*indicates priority 
habitat types). 
(1) The primary dunes of Punta Ron (approx 10m from the sea) were the first place 
invaded by C. edulis in Spain. The invasive species was introduced there for fixing the 
dunes. The first appointment of Carpobrotus edulis in this area was in 1900 (GEIB 
2006). (2) In the primary dunes of the Playa de la Arena, Muskiz, Bilbao, at 110m from 
the sea, C. edulis was introduced as an ornamental plant (Vasc Country Government 
information). (3) The Platja de Castelldefels, Barcelona (approx 130m from the sea), is 
located in an urban area. The invasive plant was introduced there as an ornamental plant 
(Ayuntamiento de Castelldefels information). (4) In Guardamar del Segura, Alicante, C. 
edulis was introduced for fix the dunes at the beginning of the XX century. The sand of 
these dunes (approx 200m from the sea) came from the Segura River, not from the sea 
like in the other areas (Generalitat Valenciana information). (5) In Contrast, C. edulis 
began to invade the dunes of La Flecha del Rompido, Huelva (200m), from the seeds 
that came from the sea. These dunes are formed from moving sands (Junta de Andalucía 
information). (6) Finally, in the Mata dos medos of the protected area Arriba fossil da 
Costa da Caparica (Lisbon), Carpobrotus edulis invaded the stabilized interior dunes 
(approx 400m from the sea), after some fire periods (Câmara Municipal de Lisboa 
information). 
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Fig. 1. Distribution of sampling points. 1: Punta Ron (Pontevedra). 2: Playa de la 
Arena (Bilbao). 3: Platja de Castelldefels (Barcelona). 4: Guardamar del Segura 
(Alicante).  5: La Flecha del Rompido (Huelva). 6: Mata dos medos (Lisbon). 
 
 
Table 1. Climatic ranges of sampling points (Ninyerola 2005). AAT: Annual average 
temperature. AAmT: Annual average minimum temperature. AAMT: Annual average 
maximum temperature 
County 
Climate 
(Köppen) 
AAT  
(ºC) 
AAMT (ºC) 
AAmT  
(ºC 
1 Pontevedra Cfa 15 10-12.5 20 
2 Bilbao Cfb 15 10 17.5-20 
3 Barcelona Csa 17.5 12.5-15 22.5 
4 Alicante Bsk 17.5-20 12.5-15 25 
5 Huelva Csa 20 15 22.5-25 
6 Lisboa Cfa-Csa 17.5 12.5 20-22.5 
 
 
1 
2 
3 
4 6 
5 
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Soil collection  
 
Soil samples were collected in native and invaded areas at the dunes of Punta de Ron, 
La Arena, Castelldefels, Guardamar del Segura, La Flecha and Arriba fossil-Mata dos 
Medos.  
In each location, we chose 5 random points (0.5x0.5 m) to collect sand in an area 
invaded by C. edulis (soil from an invaded dune) and 5 random points in an adjacent 
area without a historical presence of C. edulis (soil from the native dune), avoiding 
biological, microclimatic and physicochemical soil differences between samples from 
the same dune. In each of these points, 5 soil samples were taken from the top 10 cm. 
Samples were pooled in two sets per location: invaded and native.  
 
Elemental soil analysis 
 
Elemental soil analysis was performed. In the laboratory, the samples were air dried, 
passed through a 2 mm sieve and homogenized in a vibratory homogenizer for solid 
samples (Fritsch Laborette 27 rotary sampler divider). Elemental soil analysis was 
performed on three replicates of the two soil types per location. Soil pH was determined 
in a soil solution rate of 1:2.5 and 1:5 (soil: distilled water) respectively. (Guitián and 
Carballas 1976; Allen 1989; Maun 2009). Chloride was analyzed by the Mohr method 
(Jander, 1961). The total C content was estimated after combustion at 1200 °C of 0.1 g 
of soil, previously powdered in a LECO-CNS 2000 analyzer (Comisión de Métodos 
Analíticos del Instituto Nacional de Edafología y Agrobiología 1973). The percentage 
of organic matter was calculated by multiplying the percentage of total carbon by the 
Van Bemmelen factor of 1.724 (Comisión de Métodos Analíticos del Instituto Nacional 
de Edafología y Agrobiología 1973). Nitrogen compounds such as ammonium, nitrate 
and nitrite were analyzed using the method described by Kempers (1974). The available 
P was extracted using the method described by Jakmunee and Junsomboon (2009) for 
colorimetric determination using the method of Bray and Kurtz (1945).  
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Enzyme assays 
 
The enzymes assayed were β-1,4-glucosidase (EC 3.2.1.21), urease (EC 3.5.1.5) and 
phosphatase (EC 3.1.3.1.) (Table 2). The substrates for the β-glucosidase, urease and  
phosphatase assays were p-nitrophenol (pNP) β-d-glucopyranoside, urea and pNP-
phosphate, respectively. The substrates were made in Tris-HCl 1M, deionizer water and 
Tris-HCl 1M, respectively. There were five analytical replicates and five sample 
controls of each treatment. 
 
Table 2: Soil enzymes assayed for potential activity 
Enzyme EC Abbreviation Function 
B-1,4-glucosidase EC 3.2.1.21 BG Releases glucose from cellulose 
phosphatase EC 3.1.3.1 AP Releases inorganic phosphate from O.M. 
Urease EC 3.5.1.5 UR Degrades urea to ammonium 
Dehydrogenase EC 1.1.1.1 DH Oxidises organic compounds 
 
 
For the β-glucosidase analysis (Allison and Vitousek 2005), two grams of soil were 
added to 50 ml Tris-HCl 1M buffer solution, briefly shaken by hand for 1 minute. Three 
ml of the homogenate was mixed with three ml of substrate or buffer solution (sample 
control). The samples and controls were shaken for 90 minutes, after which 3mL of 
1.0M NaOH was added to terminate the reaction. Absorbance was measured at 410 nm.  
For urease (Kandeler and Gerber 1988), one gram of soil was incubated for two hours 
with 1.5 ml of substrate (deionizer water for sample controls). 13.5 ml of KCl 2M were 
added. The mixture was shaken for 30 min. 1 mL of the mixture was diluted in 9 mL of 
water, then adding 5 ml of sodium salicylate in sodium hydroxide and 2 ml of sodium 
dichloro isocyanic. Absorbance was measured at 690 nm.  
Finally, one gram of soil was added to 4 ml of MUB and 1 ml of substrate (water for 
sample controls) for the analysis of phosphatase (Tabatabai and Bremner 1969). The 
mixture was stirred for 1 hour and put in an ice bath to stop the reaction, then adding 1 
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ml of CaCl2 and 4 ml of NaOH. Absorbance was measured at 400 nm. All the enzyme 
activities were expressed as µmol substrate converted per hour and grams of dry soil.  
As recommended by German et al. (2011), we ran the enzyme assays at the 
environmental pH and conducted assays on the freshest samples possible (within less 
than 48 hours of storage). Assays at the soil pH provide a measure of the potential 
activity under field conditions (Turner 2010). We analyzed all the samples with the 
same storage time (2 days), as in previous analysis we saw that in sand samples, after 
three days, the storage method can affect the activities of these enzyme in different 
ways at each soil type, causing an increase in some and a decrease in others (Novoa et 
al. unpublished). 
 
Germination experiment 
 
Two native species, Malcolmia littorea (L.) R.Br. and Scabiosa atropurpurea L. were 
selected (Fig. 2.): 
 
Malcolmia littorea is an annual species native to South Europe, growing along coastal 
sand dunes (Tutin et al. 1993). It is distributed in France, Spain, Italy, and Portugal 
(Albert 1995), growing in the same habitats as C. edulis (Thuiller et al. 2005). It is an 
endangered species in some regions of Spain (not in the study area) (Allen 1989), as 
well as in Italy where it was recently suggested to enhance its threat status (Del Vechio 
et al. in Press).  
 
S. atropurpurea is a species typical of pastures, road margins, fixed dunes and rocky 
terrain in the Iberian Peninsula, and throughout the Mediterranean region and 
Macaronesia (Webb et al. 1988). In addition, S. atropurpurea is found as an invasive 
plant in Chile, Australia and the USA (National Herbarium of New South Wales 2010; 
U.S. Government 2010; Dalton et al. 2006). We chose these species as native target 
species as they are some of the most common native plants in the area studied.   
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A     B 
  
Fig 2. Native species. A: Malcolmia littorea. B: Scabiosa atropurpurea. 
 
Seeds of the native and invasive species were collected between the 10th of September 
and 10th of October 2010 from at least 15 plants of each species in the study area. The 
seeds were separated from the rest of the fruit and its accessory dispersion parts, and 
then stored at 4°C until sowing. Based on the soil analysis results, we studied the 
germination response and early development of native seeds (M. littorea and S. 
atropurpurea) and invasive seeds (C. edulis) to different levels of nutrients, salinity, pH 
and moisture. Different levels for each factor were established. Petri dishes were 
watered every three days with 4 mL of different solutions to test the effect of the 
nutrients, salinity and pH on seed germination. We chose two nutrient levels: distilled 
water or 11 ppm of N and 1.5 ppm of P; four salinity levels: 0, 0.02, 0.04 and 0.06 g 
NaCl/L, and three pH levels: 6, 7, 8 and 9. To test the effect of the moisture level, we 
varied between three moisture levels: 2, 4 and 6 mL of irrigation solution every three 
days. The solution made of distilled water (pH 6), and without salinity constituted 
common treatments (Table 3).  
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Table 3: Nutrients, salinity, pH, humidity and temperature levels for the germination test. Grey 
shading: common treatment to all the tests. 
Nutrients Distilled water 
11 ppm N 
 + 1.5 ppm P 
  
Salinity (gNaCl/L) 0 0.02 0.04 0.06 
pH 6 7 8 9 
Moisture (mL/day) 2 4 6  
 
 
Cultures were established in Petri dishes, using 3 MM Whatman paper with a total of 5 
replicates per treatment and 20 seeds in each dish. These tests were carried out in 
germination chambers with a 12/12 light/dark photoperiod. We watered each Petri dish 
every day for three weeks. The number of germinated seeds was recorded daily. After 
three weeks, the length of leaf, stem and roots of five random seedlings per plate were 
measured. 
 
Germination indexes 
 
Total germination rate (Gt) and the cumulative germination rate (As) were calculated 
using germination data. These indexes are highly representative of the germination 
pattern followed in each treatment, and they are two of the most widely cited and used 
in the literature (Chiapusio et al. 1997). The total germination (Gt) provides an 
overview of the germination process. It detects possible stimulatory or inhibitory effects 
on germination, and reports the germination capacity of each species in each situation 
(Chiapusio et al. 1997). Gt= (Nt×100/N), where Nt is the total number of seeds 
germinated at the last measurement time and N is the number of seeds used in the 
bioassay. The Speed of Cumulative Germination index (AS) indicates the effect of 
treatment on the cumulative speed during each of the times (Bradbeer 1998; Dias 2001). 
AS= (n1/1+n2/2+n3/3+...+nn/n), where n1,n2, n3… nn are the cumulative number of 
germinated seeds at time 1, 2...n throughout the assay. 
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Statistical analysis 
 
Carpobrotus edulis changed the most of the soil features analyzed. The data obtained 
from the elemental soil analysis indicated significant differences (P ≤ 0.05) between the 
native areas and the areas invaded by C. edulis in each studied area. The pH values were 
significantly lower in areas invaded by C. edulis compared to the native areas in the 
dunes of Pontevedra (22%), Bilbao (1%) and Barcelona (7%), while in Lisbon the pH is 
higher in invaded areas (12%). Our results showed an increase in the salinity level in 
invaded areas, which was significant in Pontevedra (28.6%), Bilbao (50%), Barcelona 
(50%) and Lisbon (40%). The moisture is greater in invaded than in native soils in all 
the locations, except in Lisbon where we found no significant differences. The organic 
matter is also higher in invaded soils in Pontevedra (52.2%), Barcelona (44.5%) and 
Huelva (21.6%). Available phosphorus was higher in invaded areas in Pontevedra (two 
times), Bilbao (9.2%) and Barcelona (five times).  Different species of Nitrogen were 
less affected than other soil characteristics. Areas of Barcelona and Lisbon were the 
most affected but in different ways. The NH4+ and NO3- increase in invaded areas of 
Barcelona and decrease significantly in invaded dunes in Lisbon, while the NO2- does 
not vary except in Pontevedra, where it is decreased (Table 4).  
 
 
Results 
 
Soil characteristics 
 
Carpobrotus edulis changed the most of the soil features analyzed. The data obtained 
from elemental analysis of soils, indicated significant differences (P ≤ 0.05) between the 
native areas and the areas invaded by C. edulis in each studied area. The pH values were 
significantly lower in areas invaded by C. edulis compared to the native areas in the 
dunes of Pontevedra (22%), Bilbao (1%) and Barcelona (7%); while in Lisbon the pH is 
higher in invaded areas (12%). Our results showed an increase in the salinity level in 
invaded areas, significant in Pontevedra (28.6%), Bilbao (50%), Barcelona (50%) and 
Lisbon (40%). The moisture is greater in invaded than in native soils in all the locations, 
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except in Lisbon where we found no significant differences. The organic matter is also 
higher in invaded soils in Pontevedra (52.2%), Barcelona (44.5%) and Huelva (21.6%). 
Available phosphorus was higher in invaded areas in Pontevedra (two times), Bilbao 
(9.2%) and Barcelona (five times).  Different species of Nitrogen were less affected 
than other soil characteristics. Areas of Barcelona and Lisbon were the most affected 
but in different way. NH4+ and NO3- increase in invaded areas of Barcelona and 
decrease significantly in invaded dunes of Lisbon. NO2- do not vary except in 
Pontevedra where diminish (Table 4).  
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Enzyme activities 
 
Glucosidase activity was affected (P≤0.01) in the half of the studied dunes. Activity was 
always lower in invaded soils in Bilbao (9.8%), Alicante (12%) and Huelva (20.2%) 
than in native soils. Urease activity showed a different behavior depending on the origin 
of the samples. It was significantly higher in invaded than in native soils in Pontevedra 
(65%), Barcelona (77%) and Alicante (95%), while we found the opposite trend in 
Huelva (50%) and Lisbon (28%). Phosphatase activity was higher in invaded soil, 
except in Lisbon where we did not find any significant differences (Table 5). 
 
Table 5. Enzyme activities. **: indicate significant differences at 1% level. N: native areas. I: invaded 
areas 
County Pontevedra Bilbao Barcelona Alicante Huelva Lisboa 
 N I N I N I N I N I N I 
β-1,4-
glucosidase 
(EC 3.2.1.21) 
2.98 
(0.19) 
2.83 
(0.20) 
0.92 
(0.02) 
0.83** 
(0.02) 
1.11 
(0.42) 
0.84 
(0.15) 
10.02 
(0.22) 
8.83** 
(0.12) 
1.49 
(0.04) 
1.19** 
(0.04) 
3.67 
(0.13) 
3.91 
(0.11) 
Urease 
(EC 3.5.1.5) 
1.73 
(0.27) 
5.66** 
(0.32) 
3.23 
(0.44) 
4.18 
(0.57) 
0.90 
(0.19) 
3.08** 
(0.33) 
0.20 
(0.12) 
3.75** 
(0.98) 
1.88 
(0.22) 
0.56** 
(0.21) 
3.34 
(0.20) 
2.43** 
(0.14) 
Phosphatase 
(EC 3.1.3.1.). 
1.09 
(0.06) 
8.45** 
(0.30) 
0.34 
(0.04) 
0.73** 
(0.07) 
0.71 
(0.04) 
3.25** 
(0.11) 
0.47 
(0.01) 
0.95** 
(0.04) 
1.00 
(0.02) 
1.17** 
(0.09) 
1.16 
(0.09) 
1.17 
(0.06) 
 
Germination process 
 
Germination tests (Table 6) revealed a clear dependence of native plants of salinity and 
humidity (germination is null at minimum moisture rate). pH is also crucial for the 
germination of M. Littorea, with the best final germination at a pH of more than 6. 
Germination of C. edulis is strongly stimulated  (P≤0.05) by enrichment by nutrients 
and a pH of 8 (3 and 2 times respectively). The nutrient level did not affect the 
germination of native species, and C. edulis had the same rate of final germination at 
different salinity and moisture levels.  
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M. littorea showed a reduction of 52% in the AS index with an increase in nutrient 
content of 32% at the lowest pH (Table 7). However, the speed of germination of this 
species was also increased (72.3%) by a low salinity level (0.02 g NaCl/L) and the 
highest moisture. S. atropurpurea showed a significant reduction (P≤0.05) in the AS 
value just with the highest moisture level. According with the Gt results, C. edulis 
showed lower AS values (60%) with the decrease of the rate of nutrients in the 
irrigation solution, but higher values at the highest pH. 
 
Seedling growth 
 
Table 8 shows that the radicle length of the native M. littorea seedlings increased as salt 
is present in the irrigation solution (85.3%, 14.7% and 47.1% respectively at 0.02, 0.04 
and 0.06 g NaCl/L). A decrease of 69.4% occurred with a higher nutrient level in the 
irrigation solution, and an increase of almost 3 cm (P≤0.05) with pH 7 with respect to 
the common treatment. The radicle length of S. atropurpurea was only affected by 
nutrients and moisture level, showing a decrease in radicle length (30.4%) with the 
presence of nutrients in the irrigation solution and an increase as the moisture level 
increased. Finally, the radicle of C. edulis seedlings showed stimulated growth with an 
increase in the acidity (40%) and water regime (P≤0.05). 
 
The growth of M. littorea shoots (Table 9) was influenced by salinity levels (2 times 
lower at high salinity levels). The growth of S. atropurpurea shoots was stimulated by 
the nutrient level, with an increase of a 25%, and by the moisture level, with an increase 
of 33% at medium irrigation rates. The growth of C. edulis shoots decreased at the 
highest pH regimes (50%) and with the presence of salt in the irrigation solution 
(66.7%). 
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Discussion 
 
Soil characteristics 
 
It is known that when Carpobrotus edulis invades coastal habitats, it modifies certain 
parameters of the soil such as organic matter content and pH (D’Antonio and Mahall 
1991; Vilà et al. 2006; Conser and Connor 2009). There is also evidence that the density 
of C. edulis flowers is correlated with different levels of N and soil pH, suggesting that 
soil plays a role in the reproductive plasticity of this species (Traveset et al. 2008).  
C. edulis has been introduced because of its ability to form a sort of continuous mat 
covering the soil, stabilizing dunes. The studies by Lichter in 1998 showed a reduction 
of the pH (8.5 to 4.3) after 400 years of dune stabilization. Thus the decrease of pH 
during its invasion was expected (especially in Pontevedra, the oldest invaded area by 
Carpobrotus in Spain).  But an interesting result, is that in Lisbon, where the pH in 
native soils is not so high (5.8), it is greater in invaded areas (6.6). The pH in the dunes 
of Pontevedra, Bilbao and Barcelona descended rapidly, probably due to the production 
of organic acids by vegetation. The influence of organic matter and its cycling on soil 
pH change is still unclear. Therefore, significant nitrification could be causing the 
decreased pH in Barcelona and Bilbao (Rukshana et al. 2012). During the absorption of 
nutrient ions, plant roots release H+ or OH- to maintain electrical neutrality on their 
surfaces (Maun 2009), and can therefore be an acidic or basic source. The magnitude of 
the pH derived from H+ association/dissociation reactions depends on the type of 
organic acids (pKa values) and the initial soil pH (Xu et al. 2006). This means that in 
Lisbon, where the native pH is 5.8, Carpobrotus raises it.  
Dune soil salinity is due to salt spray (facilitated by the presence of wind and the 
distance to shoreline), flooding by seawater or light rain (which washes the salt from the 
surface of the plants and transfers it to the ground, while heavy rainfall decreases the 
salt content in soil by washing) (Maun 2009). We found significantly higher salt 
accumulation in Pontevedra, Bilbao, Barcelona and Lisbon in invaded that in non-
invaded areas. These salinity levels may indicate the accumulation of seaweed and 
marine debris (with salt accumulation) between the leaves of the invasive plant 
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(personal observation). These results are also in agreement with previous studies 
obtained for other invasive species of the family Aizoaceae (Mesembryanthemum 
crystallinum L.) which showed that M. crystallinum retains salt in its leaf tissue and 
trichomes and releases the salt into the soil after leaf senescence (Vivrette and Muller 
1977). The leaching of salt into the soil changes soil osmotic levels and creates an 
osmotic gradient that draws water out of neighboring plants, resulting in desiccation and 
death. The values of soil salinity obtained range from 0.005 to 0.05, except in soils of 
Pontevedra, where values are higher. These differences are due to the distance to the sea 
and the presence/absence in the sampling area of strong winds from the coast. 
In sandy soils, moisture is one of the most limiting factors for plant growth. Sandy soils 
have high porosity. After rainfall, these soils drain much of the water, and evaporation 
and wind in the dune systems also causes them to lose substantial amounts of water 
(Maun 2009). With the exception of Lisbon, we found a low moisture level in native 
areas. However, in the area invaded by C. edulis, the values were higher. One of the 
reasons for these values could be the attenuation of temperature and radiation levels due 
to the presence of C. edulis, and wind reduction on the invaded dune compared to the 
open dune (Lortie and Cushman 2007). Moreover, as indicated by Gooding in 1947 
(who found increases in the moisture content of soils from 0.2 to 2% in the dunes of 
Barbados) and Kononova in 1982, a higher content of soil organic matter (as in most 
areas invaded by C. edulis), can increase the amount of water retained by the substrate. 
This also explains the moisture values in Lisbon, were the organic matter content and 
plant cover is approximately the same in invaded and native areas. 
We found significantly higher organic content in soils invaded by C. edulis in 
comparison to soils with native vegetation in Pontevedra, Barcelona and Huelva, as 
Conser and Connor observed in 2009. The increase in organic matter associated with C. 
edulis, is consistent with the considerable amount of litter produced by this species. C. 
edulis produces new branches over old ones, forming an inferior layer of necromass and 
a superior layer of living matter. Nevertheless, in Lisbon the fixed coastal dunes, 
characterized by relatively high plant cover and abundant litter, did not show any 
significant soil differences between invaded and non-invaded soils. In these habitats, the 
high levels of litter production by native species are probably comparable to the levels 
of C. edulis litter. 
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Most of the necessary and available nutrients for the growth of dune plants are 
contained in seawater (Min 2006), except nitrogen and phosphorus, which are in such 
small proportions that coastal dunes show an absence of these macronutrients (Süβ et al. 
2008; Pye and Tsoar 2009). Phosphorus is the second most important nutrient in the 
coastal dunes, and the pH has a direct influence on its availability: at high pH, the 
phosphorus released precipitate as salts. As the pH decrease, phosphorus availability 
increases to a maximum of between pH 6.8 and 7.2 (Grootjans et al. 2008). The results 
of the analysis of the available phosphorus indicate a greater amount in the invaded than 
in the native soil. This can be explained both by the input of organic matter from C. 
edulis, and by the influence of pH on the availability of this nutrient.  Therefore, in 
Lisbon we did not find any significant differences.  
Our results showed a greater amount of nitrate and ammonium in invaded soils. This 
can also be explained by the input of organic matter from C. edulis. But in Lisbon, 
characterized by relatively high plant cover and abundant litter, the values of nitrate and 
ammonium are lower in invaded soils. In these habitats, the high levels of litter 
production by native species are comparable to the levels of C. edulis litter. In this case, 
Carpobrotus could be accumulating nitrates and ammonium, reducing its levels in the 
soil. Moreover, in Lisbon native soils present more volatilization of NO3 due to the 
higher pH levels (Jones et al. 2007). We also found a decrease in nitrite levels in 
invaded soils. The pH levels of native soils could prevent the transformation of the 
nitrite in nitrate due to the basic pH of the soils (Bothe et al. 2006).  
Overall, the most dramatic effect of Carpobrotus edulis in the soil quality was found in 
the dunes of Punta Ron (Pontevedra) and Castelldefels (Barcelona). These results are 
consistent with the contents described by Santoro et al. (2011), who stated that special 
attention is required in the fore dune zone (pioneer habitats), where Carpobrotus 
invasion is more likely to affect the parameters of the soil. 
 
Enzyme activities 
 
β-1,4-Glucosidase (BG) is an enzyme that contributes to the degradation of cellulose 
and other β-1,4 glucans (Ljungdahl & Eriksson 1985). The principal function of BG is 
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the hydrolysis of cellobiose to glucose, although it is also active against other substrates. 
Therefore, BG is one of the most important enzymes involved in the mineralization of 
Carbon. BG activity only varied with soil pH, presumably because cellulose and other 
β-1,4-glucan polymers dominate the organic matter inputs. In our soil samples, the pH 
is higher than optimum (pH=5-6), except for the invaded soil in Lisbon. We found 
significantly lower BG activity in invaded soils of Bilbao and Huelva in comparison to 
soils with native vegetation. These results suggest that although C. edulis generates a lot 
of litter, it is not easily mineralized. Ehrenfeld showed in 2004 that some invasive plants 
have notably slow rates of decomposition, possibly due to the presence of secondary 
plant substances in high concentrations. This is in line with the findings of Van der Watt 
and Pretorius (2001), who showed that C. edulis leaves have high contents of tannin and 
antibacterial compounds, which may reduce the rate of litter decomposition. In 
Pontevedra, no significant BG activity differences between invaded and non-invaded 
soil were detected, but we found higher levels of BG activity in comparison to the other 
areas. This could be because the enzymatic activities devoted to organic matter 
degradation are higher in sites that are temporarily covered by seawater (Misic and 
Fabiano 2005), such as the sand dunes in Pontevedra. These results suggest that sea 
action stimulates the degradation processes. 
Urease catalyzes the hydrolysis of urea to NH3 and CO2. The organic matter content 
does not seem to be responsible for the increase in urease activity, but the type of 
organic matter does (Pancholy and Rice 1973). Therefore, our results showed that the 
litter produced by C. edulis increases the urease activity. However, in Huelva (Habitat 
2270) and Lisbon (Habitat 2250), where we find different native vegetation, the native 
vegetation litter seems to increase this activity (Xu et al. 2006).  
Phosphatases are a large group of enzymes that catalyze the hydrolysis of esters and 
anhydrides of phosphoric acid (Speir and Ross 1978). The phosphatase activity is 
influenced by various soil properties, soil-microorganism interactions, vegetation cover, 
leachate inputs and the presence of inhibitors or activators (Stege et al. 2009). Our 
results suggest that in general, C. edulis increases phosphatase activity in almost all soil 
dune conditions. 
 
 
What is the impact in the soil?     76  
 
 
 
Germination process 
 
To begin the germination process, a sufficient amount of water of sufficient quality 
should be available. The water softens the seed coat so the root can emerge more easily 
and also solubilizes nutrients (Khurana and Singh 2004), and a high salt content can 
block the germination process by the osmotic effect, drawing water from the seeds 
(Bubel 1988). According to our results, a reduction in the germination of dune plants 
due to high concentrations of NaCl has been demonstrated (Necajeva and Ievinsh 2008). 
The salinity of the substrate can act as a major selective force determining seed 
germination, and the establishment and survival of seedlings in coastal areas (Necajeva 
and Ievinsh 2008). Dune species germinate in the autumn, the rainy season when in 
addition to having more water in the soil, the salt content decreases (Babour et al. 1985; 
Pemadasa and Lovell 1975), although they may have a second germination period in the 
spring (Balestri and Cinelli 2004). Our results showed a stimulation of the germination 
process of M. littorea and S. atropurpurea by increasing moisture conditions and by the 
lower level of salinity (although higher salinity contents are detrimental for the 
germination process of these species). 
In dune ecosystems, seedlings growing in the vicinity of other plants may benefit from 
them (Maun 2009 and Tielbörger and Prasse 2009), for example as a result of the effect 
of shade cast by adult plants onto the surface of the sand. This positive influence is 
caused by a significant decrease in the insolation and lower evaporation in the shaded 
habitat, (Maun 2009). M. littorea seems to reduce the timing and percentage of 
germination with an increase in nutrient levels and a reduction in the pH. This response 
to the percentage of nutrients and pH, according to the level of ecological specialization 
of M. littorea, could have evolved to detect the presence of other plants in the 
surrounding area. In fact, the selection process has favored the mechanisms of 
emergence that allow seeds to sense their neighbors (Tielbörger and Prasse 2009). 
The seeds of S. atropurpurea have greater plasticity in order to adapt to different 
conditions. In fact, M. littorea is found exclusively on coastal dunes in the 
Mediterranean region, Italy and the Atlantic coast of the Iberian Peninsula, but S. 
atropurpurea is a species typical of pastures, road margins, fixed dunes and rocky 
terrain of the Iberian Peninsula, and throughout the Mediterranean region and 
Macronesia (Webb et al. 1988). In addition, S. atropurpurea is found as an invasive 
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plant in Chile, Australia and the USA (National Herbarium of New South Wales 2010; 
U.S. Government 2010, Dalton et al. 2006). S. atropurpurea could therefore have a 
greater phenotypic plasticity. In fact, the germination process of S. atropurpurea seems 
to only be influenced by the moisture and salinity levels.  
The results of the germination process showed that C. edulis, like most invasive plants, 
has a high plasticity. The germination process of this invasive species is only influenced 
by the nutrient content of the irrigation solution and pH, two factors that C. edulis 
modify in its own favor. In line with the findings of Conser and Connor (2009), when C. 
edulis invades coastal habitats in the Iberian Peninsula, it modifies the conditions of the 
substrate. This feature could have evolved as a mechanism to facilitate the germination 
process and recolonization when the clones die. 
 
Seedling growth 
 
There is usually an inverse linear relationship between dune seedling growth and 
increased salinity (Seneca 1972; Hesp 1991; Rodgers and Parker 2003),aAlthough, as 
Seneca (1972) observed in some specialist species, M. littorea stimulates radicle growth 
with relatively low salinity levels. The seedling growth of S. atropurpurea and C. 
edulis, probably due to their plasticity, did not show any response to salinity. 
The nutrient content of sand (especially nitrogen and phosphorus) affects the growth of 
plant dune species positively or negatively depending on the species (Maun 2009). In 
addition, high doses of ammonium negatively affect the radicle length (Maun 2009). 
Our results showed that the radicle length of M. littorea and S. atropurpurea decreases 
with an increase in the nutrient level. However, the shoot and leaf growth of S. 
atropurpurea and the leaf growth of C. edulis increase in line with the nutrient level. As 
Gagné and Houle (2002) noted, the amount of nutrients did not increase the survival 
rate of seedlings, but it can increase the growth of the survivors, especially when water 
is available in the substrate (Gagné and Houle 2002). 
The pH level influences the growth of both native species in different ways. The pH 
level is one of the most important limiting factors of the quantity of available soil 
nutrients. As it increases in the soil, the availability of microelements decreases, thereby 
causing a negative effect on seedling growth (Okay et al. 2011). High pH levels 
decreased the shoot growth of C. edulis and the radicle length of M. littorea and C. 
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edulis. However, pH 6 is detrimental to the root growth of M. littorea: this pH is not 
typical of coastal dune ecosystems that contain the specialist species M. littorea. The 
leaf and radicle growth of C. edulis and S. atropurpurea was influenced by the moisture 
content, while M. littorea did not show any response. As previously mentioned, M. 
littorea is found exclusively in coastal dunes, so this native species could be better 
adapted to low moisture levels in the early stages of growth. 
 
Conclusion  
 
Depending on the different characteristics of the invaded ecosystem, the impact of 
invasive plants will be different, causing different responses in the physico-chemical 
and biological features of the soil and native flora. 
This approach provides some evidence of the importance of soil quality on invasion 
success. This knowledge is a key factor in understanding the effect of invasive species 
on invaded ecosystems. 
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CHAPTER 3 
 
DOES CARPOBROTUS EDULIS COMPETE DIRECTLY 
WITH NATIVE PLANT SPECIES? WHAT IS THE EFFECT 
ON THEM? 
¿CARPOBROTUS EDULIS COMPITE DIRECTAMENTE CON LAS 
ESPECIES VEGETALES NATIVAS? ¿QUÉ EFECTO TIENE SOBRE 
ELLAS? 
!
!
!
!
Introduction 
 
 
The phenologic stage of a plant is decisive in invasive native relationships (Lorenzo et 
al., 2011). C. edulis can reproduce both vegetatively and sexually by seeds (D’Antonio, 
1991). Understanding the competitive relationships established between clones or seeds 
of C. edulis and native species during its germination process, establishment and growth 
is crucial for the conservation of the high biodiversity of coastal habitats (Combs et al., 
2011).  
 
Going further, competition between native and Carpobrotus edulis seedlings could be 
even more complicated than with adult plants. It is known that the time at which a plant 
germinates in relation to its neighbours has major consequences in terms of lifetime 
fitness (Verdú and Traveset 2005). As a result, there should be strong selection for 
mechanisms that allow seeds to evaluate their neighbours’ conditions prior to 
emergence and to plastically respond to them (Tielbörger and Prasse, 2009).  
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Moreover, since the presence of C. edulis causes changes to soil characteristics (Santoro 
et al. 2011), it is also important to check the response of the germination process, 
establishment and growth of native plants to these changes (Donath and Eckstein 2009, 
Vilà et al 2006; Conser & Connor 2009). 
 
This study deals with the relative competitiveness ability of seeds, seedlings and adult 
plants of native populations. It was designed to address the following questions: (i) How 
does the residual soil effect affect the maintenance of native populations? And (ii) To 
what extent is competition in the invasion process of Carpobrotus edulis based on 
different development stages of native plants? Despite the fact that the plant invasion 
process is a result of multiple interacting factors (Thuiller et al., 2006 and Lorenzo et 
al., 2010), to the best of our knowledge this study is the first reporting simultaneous 
examination of multiple mechanisms: competition, density, timing of sowing, plant 
development stage and residual soil effects on the limitation of native flora by an 
invasive plant. 
 
Hypothesis 
 
1. The presence of C. edulis adult plants affects the growth and survival of native plants.  
2. The presence of C. edulis adult plants affects the emergence and establishment of 
native plants.  
3. The timing of C. edulis seedling emergence affects fitness in competitive 
environments. 
3. The changes in the substrate reported in chapter 2 condition the competition 
relationships established between C. edulis and native species. 
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Material and methods 
 
Plant material 
 
Two native species were selected: a typical semi-fixed dunes species (Malcolmia 
littorea (L.) R.Br.) and a common fixed-dune and rocky species (Scabiosa atropurpurea 
L.). Seeds of the native species Malcolmia littorea and Scabiosa atropurpurea and the 
invasive Carpobrotus edulis were collected between 10th September and 10th October 
2011 from at least 15 plants from 20 different populations of each species located along 
20 km of the coast of Pontevedra, Spain (between 42°29’56.17’’N 8°52’16.22’’O and 
42°20’16.22’’N 8°49’41.17’’O). The seeds were separated from the rest of the fruit and 
its accessory dispersion parts and stored in the dark at 4 ºC until assay. Seeds were 
surface-sterilized for 5 min in 0.1 % sodium hypochlorite, rinsed 3 times in distilled 
water and dried at room temperature  
 
On the 19th of November 2010, adult plants of native species (M. littorea and S. 
atropurpurea) and apical ramets of the invasive C. edulis were collected in the same 
area and immediately transplanted to sand pots for greenhouse acclimatization, 
integrating the plant stock. As Carpobrotus edulis presents clonal growth, we can obtain 
individuals with approximately the same developmental state from the ends of the 
branches (Fig. 1). 
 
  
Fig. 1. Collection of adult plants of Carpobrotus edulis  
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Soil collection 
 
On the 19th of November 2010, soil was collected in the dunes from  where the seeds, 
adult plants and ramets had previously been collected. The top soil layer from 20 
randomly selected points (1 x 1 m) was collected in an area invaded by Carpobrotus 
edulis and in an adjacent native area. The soil taken from each area (invaded or native) 
was homogenized (aprox. 100Kg) and reserved for the establishment of the crops, as 
explained later.  
 
Competition between C. edulis ramets and native species. 
 
In order to look for competitive relationships established between C. edulis and native 
plants in different stages of native plants development (germination, seedling and adult 
plant), pot culture experiments were established in both invaded and native soil 
following the principle of replacement or substitution (de Wit 1965), modified for our 
purposes (Table 1). Competition experiments were carried out on two soils with 
different origins (native and invaded soil). To avoid interference in the replacement 
series due to physico-chemical and biological characteristics of the soil, a previous 
experiment checking intra-specific competition density was established. Four 
experimental trials were then established to study the competitive interaction between 
the invasive C. edulis and native species: (a) intra-specific competition between native 
seeds and seedlings (b) ramets of C. edulis vs native seeds and seedlings, (c) intra-
specific competition between native adult plants and (d) ramets of C. edulis vs adult 
native plants. Cultures were established in 1L-pots filled with soil from native and 
invaded zones and replicated five times.  
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Table 1. Methodological scheme for greenhouse experiment. (X) Represent classic 
replacement series design,  (●) Represent modified replacement series. N=5 
 
Ramets of Carpobrotus edulis 
0 1 2 3 4 
Nº of native 
species 
seeds or 
seedlings 
0 ● 
   
X 
10/1 ● 
  
X 
 
15/2 ● 
 
X 
  
20/3 ● X 
   
25/4 X 
    
 
 (a) Intra-specific competition between native seeds and seedlings. 
Cultures containing 10 15, 20 or 25 seeds of the native species (M. littorea or S. 
atropurpurea) were established (Table 1), which we refer to in this paper as “pure seed 
cultures.” Total germination rate (Gt), cumulative rate of germination (AS) (Chiapusio 
et al., 1997), survival and early growth were determined. The number of germinated 
seeds and plant survival were recorded daily for ten weeks. 
 
(b) Ramets of C. edulis vs native seeds and seedlings 
 
In order to check inter-specific competition, mixed cultures were established, combining  
3, 2, 1 and 0 ramets of the invasive C. edulis with 10, 15, 20 and 25 seeds of native 
species,  referred to as “mixed seed/ramet cultures” (10/3, 15/2, 20/1 and 25/0). Total 
germination rate (Gt), cumulative rate of germination (AS) (Chiapusio et al., 1997), 
survival and early growth were determined. The number of germinated seeds and plant 
survival were recorded daily for ten weeks. 
 
(c)!Intra-specific competition between native adult plants. 
In order to take into account intra-specific competition, cultures containing 4, 3, 2 or 1 
adult native plants (M. littorea or S. atropurpurea) were established (Table 1), referred 
to as “pure adult cultures.” Leaf number, height and survival were recorded every three 
days for two weeks. 
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(d) Ramets of C. edulis vs adult native plants. 
In order to check inter-specific competition, mixed cultures with 3, 2, 1 and 0 ramets of 
the invasive C. edulis combined with  1, 2, 3 or 4 adult native plants were cultivated, 
referred to as “adult/ramets cultures” (1/3, 2/2, 3/1 and 4/0). Leaf number, height and 
survival were recorded every three days for two weeks. 
 
 
Fig. 2. Ramets of C. edulis. 
 
Competition between C. edulis seeds and native seeds  
Seeds of Carpobrotus and Malcolmia or Scabiosa were sowed at different densities and 
times, following the scheme proposed by Tielbörger and Prasse (2009). Five replicates 
of the following seed mixture were established: 10 seeds of each native species plus 10 
seeds of Carpobrotus, 10 seeds of each native species plus 30 seeds of Carpobrotus, 30 
seeds of each native species plus 10 seeds of Carpobrotus and pure crops of 30 or 10 
seeds of each species. With the aim of testing the effect of time, the seeds of C. edulis 
were sowed at different date ranges (5 days before the native species, at the same time, 
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or 5 days later than the native species). Competition conditions were established in Petri 
dishes filled with soil from invaded and from native areas.  The experimental design 
therefore had 5 independent factors (Table 2): neighbour density (10 vs 30), target 
species (two native species), neighbour species (one invasive species), soil type (native 
or invaded) and timing of sowing (5 days before, at the same time or 5 days latter). 
 
The Petri dishes were incubated in germination chambers with periods of 12 hours of 
light and 25ºC/15ºC, temperatures and light regimes similar to those in the field. 
Substrate moisture in sandy soils is one of the most limiting factors of plant growth 
(Maun, 2009). Therefore, all of the seeds were watered every two days, as previous 
trials have indicated that this procedure permits maximum germination despite the 
limited amount of substrate. Percolation of the water through holes in the bottom of the 
dishes was allowed, avoiding the formation of a salt crust. The number of germinated 
seeds and plant survival were recorded daily for ten weeks. Total germination rate (Gt), 
and the cumulative rate of germination (As) were determined (Chiapusio et al., 1997). 
After approximately ten weeks of watering, no further germination was observed and 
the length of leaf, stem and roots of 7 seedlings per plate and species were measured. 
 
Table 2: Methodological scheme for growth chamber experiment. Assay 1: 
Interspecific competition, C. edulis seeds sowed before native seeds. Assay 2: 
Interspecific competition, C. edulis seeds sowed at the same time that native seeds. Assay 
3: Interspecific competition, C. edulis seeds sowed after native seeds. Monocultures: 
intraspecific competition for native and C. edulis seeds. N=5. 
 
 
Day 0 
5 days before sowing native 
species 
Day 5  
Sowing date of  native seeds 
Day 10 
5 days after sowing native 
species 
Seeds number  
C. edulis  native C. edulis  native C. edulis  
    
Assay 1 
10 + 10  
 10 + 30  
30 + 10  
   
Assay 2 
 10 + 10  
  30 + 10  
 10 + 30  
   
Assay 3 
10 + 10 
30 + 10 
10 + 30 
    
Monocultures  10   10    30   30  
98   Does C.edulis compete with native species?       
 
 
 
Statistical analysis 
 
The Kolmogorov–Simirnov test and Levene’s test were used to ensure the normality 
assumption and the homogeneity of variances, respectively. Two-way analysis of 
variance (ANOVA) was performed to assess the significance of the effects of soil 
characteristics and density as well as of their interaction on the studied parameters of 
germination, growth and survival. Tukey’s test was applied for all post-hoc comparisons 
between groups. However, for some data groups with unequal variance, the Kruskal-
Wallis test and Mann-Whitney U test were then used due to its conservative nature and 
relevance to the data set with unequal variance (Quinn and Keough, 2002).  
 
A two-way ANOVA involving soil characteristics and density as factors was carried out 
to detect significant differences between treatments for each native species. All 
statistical analyses were performed using the IBM SPSS Statistic 19.0 software 
package. 
 
 
Results 
 
Competition of C. edulis ramets vs natives species. 
 
(a) Intra-specific competition between native seeds and seedlings 
 
In invaded soil, pure seed cultures of Malcolmia littorea (10, 15, 20 and 25 seeds) 
showed a significant decrease in the total germination percentage (up to 56.4%) and 
cumulative rate of germination (up to 55.1%) with the increase in density (table 3). 
However, in native soil there were no significant differences between treatments (seed 
number). It is quite remarkable that at the highest density (25 seeds), the total 
germination and cumulative rate of germination were significantly greater on native soil 
compared with invaded soil (P≤0.05), while at low seed densities (10, 15 and 20 seeds) 
we observed the opposite trend (table 3). The survival percentage of seedlings of M. 
littorea showed a significant increase (21.74%) in high densities at native soil. The 
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shoot and root length of Malcolmia seedlings at both soils showed no significant effect 
of intra-specific competition between treatments (number of individuals). Despite this, 
most of the growth values from invaded soil are higher than the figures from native soil 
(P≤0.05).  
 
No significant effect of intra-specific competition was found between Scabiosa 
atropurpurea seedlings affecting the growth, survival or germination rates (Table 4).  
 
Table 3. Intraespecific competition effect on the germination indexes (Gt: Total 
germination and AS: Cumulative rate of germination), seedling shoot and root 
length and survival of the native species Malcolmia littorea in both invaded and 
native soil. Different letters mean significant difference of 5% between treatments (10, 
15, 20 or 25 seeds).*: indicates significant difference of 5% between invaded and native 
soils on each treatment. Numbers in parentheses indicate the standard error. N=5. 
 Invaded soil Native soil 
Seed 
number 10 15 20 25 10 15 20 25 
Gt 82.5
a* 
(9.8) 
81.7a* 
(9.6) 
57.0b 
(6.8) 
36.0c* 
(5.7) 
51.2 
(4.0) 
62.3 
(3.4) 
53.0 
(6.4) 
65.6 
(3.4) 
AS 105.8
ab* 
(14.1) 
112.9a 
(10.5) 
84.3b* 
(6.3) 
47.8c* 
(3.8) 
67.2 
(8.6) 
82.7 
(10.7) 
54.8 
(12.6) 
88.5 
(43) 
Survival (%) 71.0 (12.7) 
94.1 
(11.9) 
82 
(14.3) 
77.9 
(17.6) 
72b 
(2.4) 
81b 
(9.6) 
79b 
(6.3) 
92ª 
(2.8) 
Shoot length 
(cm) 
1.2* 
(0.1) 
1.5* 
(0.2) 
1.4* 
(0.1) 
1.3* 
(0.1) 
0.9 
(0.1) 
1.1 
(0.1) 
0.9 
(0.1) 
1.1 
(0.1) 
Root length 
(cm) 
2.3* 
(0.2) 
2.3* 
(0.3) 
2.3* 
(0.2) 
2.3* 
(0.2) 
1.4 
(0.1) 
1.6 
(0.1) 
1.4 
(0.1) 
1.5 
(0.1) 
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Table 4. Intraespecific competition effect on the germination indexes (Gt: Total 
germination and AS: Cumulative rate of germination), seedling shoot and root 
length and survival of the native species Scabiosa atropurpurea in both invaded and 
native soil. Different letters mean significant difference of 1% between treatments (10, 
15, 20 or 25 seeds). Numbers in parentheses indicate the standard error. N=5. 
 Invaded soil Native soil 
Seed 
number  10 15 20 25 10 15 20 25 
Gt 64.0 
(11.7) 
53.3 
(9.2) 
43.0 
(8.6) 
45.6 
(2.7) 
44.0 
(10.3) 
49.3 
(6.5) 
40.0 
(8.2) 
48.0 
(7.2) 
AS 51.0 
(5.7) 
41.7 
(4.0) 
33.6 
(5.0) 
40.1 
(2.9) 
42.7 
(5.1) 
39.9 
(3.4) 
35.8 
(6.5) 
46.1 
(1.9) 
Survival 
(%) 
80.2 
(11.1) 
87.7 
(4.8) 
90.2 
(4.9) 
93.5 
(1.7) 
68.8 
(12.8) 
84.7 
(4.6) 
89.0 
(3.5) 
94.5 
(2.5) 
Shoot 
length (cm) 
0.9b 
(0.1) 
1.2ab 
(0.2) 
1.1ab 
(0.2) 
1.4a 
(0.2) 
0.79 
(0.1) 
1.1 
(0.2) 
1.0 
(0.1) 
1.2 
(0.2) 
Root length 
(cm) 
5.3b 
(0.7) 
5.6b 
(0.4) 
5.3b 
(0.2) 
6.7a 
(0.6) 
4.5b 
(0.9) 
5.2b 
(0.4) 
5.4b 
(0.3) 
7.1a 
(0.7) 
 
 
(b) Ramets of C. edulis vs native seeds and seedlings  
 
The increase in density of Carpobrotus edulis per pot did not affect the germination 
process of Malcolmia littorea in invaded soil. However, in native soil, the higher 
density of Carpobrotus caused a decrease in the percentage and speed of germination of 
M. littorea (78% and 87% respectively). The survival of Malcolmia littorea seedlings 
was lower as the density of C. edulis increased, and was null in native soil (Table 5). 
Most of the treatments with a high density of C. edulis showed higher germination rates 
and survival percentages in invaded than in native soil. The opposite situation was 
shown for germination rates at the lowest proportion of C. edulis. It was impossible to 
test the early seedling response of M. littorea experimentally, due to the low or null 
survival percentage. The germination process and early growth of Scabiosa 
atropurpurea were not affected by the increase in density of C. edulis and slightly 
affected by the type of soil (Table 6). It should be noted that if we compare the data of 
intra and inter-specific competition (experiment a and b) for each native species and 
mixed crops (densities 10/3, 15/2 and 20/1 from Tables 3 and 5 and Tables 4 and 6 
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respectively), we observe that the values of germination and early growth of native 
plants are lower with the presence of Carpobrotus edulis in invaded as well as in native 
soil with statistical differences (P≤0.05) at 10/3 and 15/2 densities, and even in 20/1. 
 
The interaction between the dependent factors (soil origin and density) were studied by 
a two-way ANOVA. The interaction was not significant, indicating that the internal 
relationship between soil origin and density in the germination process and early growth 
of native plants is very small, or does not exist. 
 
Table 5. Inter-specific competition effect on the germination indexes (Gt: Total 
germination and AS: Cumulative rate of germination), seedling shoot and root length 
and survival of the native species Malcolmia littorea on both invaded and native 
soil. Different letters mean significant difference of 5% between treatments (10/3, 15/2, 
20/1 or 25/0 seeds/ramets).*: indicates significant difference of 5% between invaded 
and native soils on each treatment. Numbers in parentheses indicate the standard error. 
N=5. 
 Invaded soil Native soil 
Seed Nº 
/ramets 10/3 15/2 20/1 25/0 10/3 15/2 20/1 25/0 
Gt 46.0* 
(13.3) 
33.3* 
(9.7) 
37.0 
(12.9) 
36.0* 
(5.7) 
15.8c 
(5.5) 
26.7bc 
(3.8) 
45ab 
(13.5) 
65.6a 
(3.4) 
AS 51.5* 
(10.8) 
42.1 
(8.6) 
38.0 
(10.5) 
47.8* 
(3.8) 
12.8c 
(7.4) 
23.6bc 
(5.8) 
44.9b 
(15.2) 
88.5a 
(43) 
Survival (%) 32.5b* 
(12.8) 
18.6b 
(9.9) 
51.8ab* 
(16.0) 
77.9a 
(17.6) 
0b 
 
0b 
 
0b 
 
92ª 
(2.8) 
Shoot length 
(cm) - - - - - - - - 
Root length 
(cm) - - - - - - - - 
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Table 6. Inter-specific competition effect on the germination indexes (Gt: Total 
germination and AS: Cumulative rate of germination), seedling shoot and root 
length and survival of the native species Scabiosa atropurpurea on both invaded 
and native soil. Different letters mean significant difference of 5% between treatments 
(10/3, 15/2, 20/1 or 25/0 seeds/ramets).*: indicates significant difference of 5% between 
invaded and native soils on each treatment. Numbers in parentheses indicate the 
standard error. N=5. 
 Invaded soil Native soil 
Seed Nº 
/ramets 10/3 15/2 20/1 25/0 10/3 15/2 20/1 25/0 
Gt 30.0 
(8.9) 
41.3 
(3.9) 
37.1 
(3.7) 
45.6 
(2.7) 
14.0 
(9.8) 
24.0 
(7.5) 
37.0 
(3.0) 
48.0 
(7.2) 
AS 23.2* 
(7.0) 
28.3 
(2.7) 
32.8 
(4.7) 
40.1* 
(2.9) 
3.8 
(7.9) 
19.8 
(6.1) 
30.4 
(1.7) 
46.1 
(1.9) 
Survival (%) 31.1* 
(18.1) 
68.3 
(18.1) 
79.8 
(7.5) 
93.5 
(1.7) 
70.0 
(20.0) 
51.4 
(16.4) 
51.7 
(21.5) 
94.5 
(2.5) 
Shoot length 
(cm) 
1.2 
(0.2) 
1.5 
(0.5) 
1.1 
(0.2) 
1.4 
(0.2) 
1.7 
(0.3) 
1.2 
(0.2) 
1.2 
(0.2) 
1.3 
(0.2) 
Root length 
(cm) 
4.1 
(1.1) 
5.0 
(1.4) 
5.8 
(0.7) 
6.4 
(1.4) 
5.4 
(0.5) 
4.4 
(0.9) 
4.9 
(0.3) 
6.3 
(0.9) 
 
 
(c)  Intra-specific competition between native adult plants 
 
In native pure adult cultures there were no significant differences in leaf number, height 
and survival between plant densities or any soil effect on the plant traits recorded (data 
do not shown).  
 
(d) Ramets of C. edulis vs adult native plants. 
 
Mixed adult/ramet cultures revealed that the presence of the invasive plant C. edulis had 
a lethal effect on the adult plants of M. littorea and S. atropurpurea. All native plants 
died within 8 days of competition, even when the ratio for the invasive plant C. edulis 
was minimal (3 adult native plants against 1 ramet of C. edulis) (Figure 3).  
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Invaded soil Native soil 
  
  
Figure 3: Survival of the native plants Malcolmia littorea and Scabiosa 
atropurpurea in pure adult cultures (3 adult native plants) and mixed adult/ramets 
cultures (3 adult native plants against 1 ramet of C.edulis ) on invaded and native 
soil *: indicate differences (P≤0.05) between monocultures (filled squares) and mixed 
(empty squares)  
 
 
C. edulis seeds vs native seeds 
 
(a) Intra-specific competition and soil effects.  
 
Considering pure seed cultures, we found no density effect (P≤0.05). 
  
The Gt and AS indexes of Malcolmia littorea were in general higher in Petri dishes 
filled with invaded soil than in those filled with native soil (approximately 40% and 
60% respectively), mainly at maximum density. Similarly, high density revealed greater 
shoot growth on invaded soils (around 40%). There were no differences in radicle 
growth (table 7).  
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Scabiosa atropurpurea did not show any differences in the Gt and AS indexes between 
both soils (table 7). Shoot growth of S. atropurpurea was stimulated by invaded soil, up 
to 40%, while radicle growth seemed to be stimulated by native soil up to 30%  
 
The Gt index of Carpobrotus edulis was greater in Petri dishes filled with invaded soil 
than in those filled with native soil (54-88% respectively for both densities) (table 7). 
We found no differences in the AS index, but the values from invaded soil were always 
higher. Shoot and radical growth of C. edulis seedlings was stimulated by invaded soil 
(40%) and native soil (34%) respectively. 
 
Table 7. Effect of soil on the germination and early growth of the invader 
Carpobrotus edulis and the native species Malcolmia littorea and Scabiosa 
atropurpurea in monocultures. * indicate significant differences at 5% level between 
the seeds sowed in Petri dishes filled with invaded soil and those sowed in native soil. 
Numbers in parentheses indicate the standard error. I: Invaded soil, N: Native soil. N=5. 
 Gt AS Shoot growth Radicle growth 
 Nº seeds I N I N I N I N 
Carpobrotus 
edulis 
10 30.0 
(10.0) 
23.3 
(8.8) 
0.19 
(0.09) 
0.16 
(0.09) 
0.49* 
(0.08) 
0.30 
(0.07) 
1.7* 
(0.1) 
2.6 
(0.3) 
30 38.9 
(4.0) 
22.2 
(5.9) 
0.21 
(0.04) 
0.12 
(0.01) 
0.53 
(0.07) 
0.38 
(0.04) 
2.1 
(0.2) 
2.6 
(0.38) 
Malcolmia 
littorea 
10 60.0 
(10.0) 
53.3 
(8.8) 
0.78 
(0.20) 
0.53 
(0.10) 
0.24 
(0.02) 
0.24 
(0.04) 
1.79 
(0.2) 
1.9 
(0.1) 
30 65.6 
(1.9) 
56.7 
(10.0) 
1.05* 
(0.02) 
0.54 
(0.09) 
0.25 
(0.02) 
0.22 
(0.01) 
2.1 
(0.1) 
2.5 
(0.4) 
Scabiosa 
atropurpurea 
10 46.7 
(12.0) 
73.3 
(13.3) 
0.73 
(0.24) 
0.99 
(0.19) 
0.35 
(0.02) 
0.33 
(0.02) 
8.1* 
(1.2) 
10.2 
(0.8) 
30 65.6 
(5.9) 
70.0 
(5.1) 
0.94 
(0.09) 
0.90 
(0.10) 
0.44* 
(0.04) 
0.29 
(0.01) 
12.0 
(0.6) 
10.4 
(0.7) 
 
 
(b) Inter-specific competition and soil effects 
 
In relation to time of sowing, Malcolmia littorea seeds generally presented a decrease in 
the germination indexes when the seeds of Carpobrotus edulis were sown 5 days before 
CHAPTER 3   105    
 
 
 
(approximately 40%) with similar values in assay 2 and 3 respect to pure cultures at 10 
and 30 densities. 
 
 C. edulis seeds reacted the same way in the presence of M. littorea seeds in native soils 
(80-90%) but not in the presence of S. atropurpurea (table 8). The germination process 
of Scabiosa did not appear to be influenced by any of the treatments (table 8).  
 
Table 8. Effect of the timing of sowing on the germination of the invader 
Carpobrotus edulis and the native species Malcolmia littorea and Scabiosa 
atropurpurea littorea. Different letters means significant differences at 5% level 
between seeds sowed in Petri dishes filled with invaded soil and those sowed in native 
soil.  
A1: Assay 1, C. edulis seeds sown before native seeds. A2: Assay 2: C. edulis seeds 
sowed at the same time that native seeds. A3: Assay 3: C. edulis seeds sown after 
native seeds. M: native monocultures. I: Invaded soil. N: Native soil. CM: C. edulis + 
M. littorea. CS: C. edulis + S. atropurpurea. ML: M. littorea. SA: S. atropurpurea. 
Numbers in parentheses indicate the standard error. N=5. 
 
  Gt AS 
  A1 A2 A3 M A1 A2 A3 M 
CM 
I 36.7a 
(3.3) 
26.7b 
(3.3) 
20.0b 
(10.0) 
30.0a 
(10.0) 
0.50 
(0.04) 
0.24 
(0.09) 
0.14 
(0.09) 
0.19 
(0.09) 
N 30.0a 
(0.0) 
3.3b 
(3.3) 
3.3b 
(3.3) 
23.3a 
(8.8) 
0.43a 
(0.06) 
0.02b 
(0.02) 
0.01b 
(0.01) 
0.16a 
(0.09) 
CS 
I 43.3 
(3.3) 
23.3 
(3.3) 
30.0 
(5.8) 
30.0 
(10.0) 
0.39 
(0.01) 
0.14 
(0.07) 
0.07 
(0.01) 
0.19 
(0.09) 
N 20.0 
(5.8) 
3.3 
(3.3) 
10.0 
(5.8) 
23.3 
(8.8) 
0.22 
(0.11) 
0.09 
(0.05) 
0.05 
(0.02) 
0.16 
(0.09) 
ML 
I 33.3b 
(8.8) 
70.0a 
(17.3) 
66.7a 
(12.0) 
60.0a 
(10.0) 
0.36b 
(0.15) 
1.01a 
(0.14) 
0.86a 
(0.15) 
0.78a 
(0.20) 
N 20.0b 
(5.8) 
30.0a 
(2.8) 
40.0a 
(7.5) 
53.3a 
(8.8) 
0.13b 
(0.03) 
0.30a 
(0.05) 
0.46a 
(0.09) 
0.53a 
(0.10) 
SA 
I 46.7 
(6.7) 
63.3 
(3.3) 
66.7 
(6.7) 
46.7 
(12.0) 
0.59 
(0.07) 
0.89 
(0.01) 
0.98 
(0.06) 
0.73 
(0.24) 
N 70.0 
(15.3) 
70.0 
(15.3) 
66.7 
(12.0) 
73.3 
(13.3) 
0.77 
(0.19) 
1.05 
(0.20) 
0.92 
(0.10) 
0.99 
(0.19) 
 
 
The growth results in relation to the time of sowing factor only refer to native species, 
as Carpobrotus had different growth periods depending on the treatment (assay 1, 2 or 
3). Malcolmia seedlings showed a decrease in shoot growth when Carpobrotus seeds 
were sown 5 days before them (twice), especially in native soils, although the radicle 
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growth of M. littorea showed no differences. No effects were observed in Scabiosa 
atropurpurea growth in relation to the timing factor. 
 
Despite the effects of the time of sowing, there were no significant differences (P≤0.05) 
between pure and mixed cultures in any treatment (results not shown). 
 
Table 10. Effect of the timing of sowing on the early growth of the native species 
Malcolmia littorea and Scabiosa atropurpurea littorea. Different letters means 
significant differences at 5% level between the seeds sowed in Petri dishes filled with 
invaded soil and those sowed in native soil. 
A1: Assay 1, C. edulis seeds sown before native seeds. A2: Assay 2: C. edulis seeds 
sowed at the same time that native seeds. A3: Assay 3: C. edulis seeds sown after 
native seeds. M: native monocultures. I: Invaded soil. N: Native soil. ML: M. littorea. 
SA: S. atropurpurea. Numbers in parentheses indicate the standard error. N=5. 
 
  Shoot growth Radicle growth 
  A1 A2 A3 M A1 A2 A3 M 
ML 
I 0.20 
(0.00) 
0.20 
(0.00) 
0.17 
(0.02) 
0.24 
(0.02) 
2.1 
(0.5) 
1.79 
(0.2) 
1.7 
(0.2) 
1.79 
(0.2) 
N 0.30 
(0.00) 
0.23 
(0.03) 
0.17 
(0.02) 
0.24 
(0.04) 
1.9 
(0.1) 
1.9 
(0.3) 
1.7 
(0.3) 
1.9 
(0.1) 
SA 
I 0.34 
(0.03) 
0.35 
(0.02) 
0.40 
(0.03) 
0.35 
(0.02) 
10.9 
(1.3) 
10.0 
(0.6) 
10.5 
(1.0) 
8.1 
(1.2) 
N 0.35 
(0.03) 
0.32 
(0.02) 
0.28 
(0.03) 
0.33 
(0.02) 
9.0 
(1.1) 
11.1 
(1.1) 
10.7 
(1.0) 
10.2 
(0.8) 
 
 
Despite the effects of the time of sowing, there were no significant differences (P≤0.05) 
between pure and mixed cultures in any treatment (results no showed). 
 
 
Discussion 
 
Competition between ramets of C. edulis and native species 
 
(a) Intra-specific competition between native seeds and seedlings  
 
Soil from habitats invaded by C. edulis had a markedly species-dependent effect. M. 
littorea, a typical semi-fixed dunes species, is a specialist plant of poor and slightly 
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saline soils (Del Vecchio et al. 2012). Its germination and growth process is 
significantly influenced by soil changes induced by C. edulis. In general, we found a 
reduction in the germination process as the density increased in invaded soil and 
decreased in native soil. The advantage of this behaviour of density-dependent 
germination in invaded soils is difficult to understand. It is possible that for these plants 
there is an advantage of not germinating under competitive conditions, so they may 
exploit more favourable conditions in later years (Tielbörger and Prasse, 2009). Shoot 
and root length was always greater in invaded soils, probably due to a greater 
availability of nutrients (Davy et al., 2006) and salt concentration (Lee and Ignaciuk 
1985) that stimulate growth. In native soil, the survival percentage increased with the 
density, possibly due to the nurse plant phenomenon (Maun, 2009). 
 
S. atropurpurea behaved in an opposite way, without differences depending on density 
either in invaded or in native soils. As previously mentioned, S. atropurpurea presented 
a greater plasticity to adapt to different soil conditions and seems to be less of a 
specialist than M. littorea.  
 
(b) Ramets of C. edulis vs native seeds and native seedlings  
 
Inter-specific competition is species-dependent and determines what species can coexist 
(Tschirhart, 2002). C. edulis affected differentially germination process of the selected 
native plants but soil characteristics became as one of the factors that directly affect the 
invasive potential of the exotic (Huangfu, 2011).  
 
M. littorea showed a significant decrease in the germination process caused by the 
presence of C. edulis. However, the most dramatic effect found on M. littorea is in the 
survivorship, which is soil dependent. In invaded soil, the survival percentage decreases 
with the proportion of C. edulis in the mixed cultures, while in native soils, none of the 
germinated seedlings survived at the end of the bioassay. Inter-specific competition 
seems to be responsible for these results (Ammondt and Litton, 2011; Holdredge and 
Bertness, 2011). Thus, although barriers to native plant germination could be overcome, 
M. littorea seedlings would not establish viable populations in the presence of 
Carpobrotus edulis. 
108   Does C.edulis compete with native species?       
 
 
 
Soil characteristics are not determinant in the response of S. artropurpurea to the 
presence of C. edulis (except to mixed seed/ramets cultures 10/3), once again probably 
due to its plasticity. Although C. edulis threatens the establishment of S. atropurpurea 
in both soils in different ways, seedlings are phenotypically plastic in their allocation of 
biomass into roots and shoots (Shadel and Molofsky, 2002). 
 
(c) Intra-specific competition between natives adult plants 
 
Our results indicate that the residual effect on dune soil does not affect the development 
of native adult plants. Adult native plants seem to be better adapted to soil changing 
conditions than seedlings, suffering stress from the residual effect in the soil.  
 
(d) Ramets of C. edulis vs adult native plants. 
 
The presence of C. edulis in the replacement series had a deleterious effect on native 
plants independently of density and soil type. Different authors have indicated that 
allelopathy is a fairly common invasion mechanism (see Ren and Zhang, 2009). Ens et 
al. (2009) proposed that the eventual dominance of invasive species could be explained 
by direct or indirect chemical inhibition of the establishment of indigenous plants, 
which was confirmed by Novoa et al. (2012) for C. edulis. 
 
 
Seed competition of C. edulis vs seeds of native species. 
 
(a) Soil effects 
 
Dune species germinate in autumn, the rainy season when in addition to having more 
water in the soil, the salt content decreases (Babour et al. 1985; Pemadasa and Lovell 
1975). The reason is that the water softens the seed coat so that the root can emerge 
more easily and also solubilizes nutrients (Khurana and Singh, 2004), and a high salt 
content can block the germination process by the osmotic effect, drawing water from 
seeds (Bubel 1988). During the assay, all of the seeds were watered every two days. 
However, invaded soils have a higher level of organic matter than native soils, so they 
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can keep water during more time. As a result, the Gt and AS indexes of Malcolmia were 
higher in Petri dishes filled with invaded soil than in those filled with native soil. Also, 
in the presence of C. edulis, M. littorea has greater shoot growth in native soils. This 
could be due to an allelopathic effect of C. edulis seeds on M. littorea that should be 
explored in future assays.  
Once again S. atropurpurea did not show any differences in the germination process 
between soils. However, the radicle growth of S. atropurpurea seedlings seemed to be 
stimulated by native soil, while shoot growth seemed to be stimulated by invaded soil. 
The nutrient content of sand (especially nitrogen and phosphorus) positively or 
negatively affects the growth of dune species depending on the species (Maun 2009). 
The radical growth of S. atropurpurea decreases and its shoot growth increases with an 
increase in the nutrient level (Novoa and González in Press). This could explain the 
differences observed in the growth of S. atropurpurea between invaded and native soil. 
Finally, when C. edulis invades coastal habitats, it modifies the conditions of the 
substrate and suffers from difficulties as a result of tissue decomposition (Conser and 
Connor 2009). This feature could have evolved as a mechanism to facilitate 
recolonization when the clones die, and it influences the germination process of the 
invasive species. As a result, the germination process of C. edulis depends on the 
nutrient level of the soil (Novoa and González in Press). Therefore, the Gt and AS 
indexes of C. edulis were higher in Petri dishes filled with invaded soil than in those 
filled with native soil. Also, the radicle of C. edulis grows more at high pH levels 
(Novoa and González in Press), and so it grew more in native than in invaded soils. 
 
(b) Timing of sowing  
 
We observed that the timing of sowing affects the establishment of both C. edulis and 
M. littorea, although there are no competitive interactions if they are sown at the same 
time. Therefore, they could have some mechanisms that allow their seeds to evaluate the 
conditions of their neighbours prior to emergence and to plastically respond to them 
(Tielbörger and Prasse, 2009). C. edulis could also have an allelopathic effect on M. 
littorea and vice versa, which should be explored in future assays. These are important 
results to be taken into account for restoration actions. Traditional recovery strategies do 
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not consider the combined effect of significant biological and physic-chemical factors 
that change during the process of invasion, or the development stages of native plants at 
the moment of restoration. 
 
Conclusion 
 
Carpobrotus edulis (adult plants or seeds) or their residual effects on dune soil have 
strong negative effects on the germination, growth and survival of the native species 
Malcomia littorea and Scabiosa atropurpurea. This effect is species and density 
dependent and singular at different development stages of the plants. 
These findings are crucial for new strategies of biodiversity conservation in coastal 
habitats. 
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CHAPTER 4 
 
GOING FURTHER: DOES SYNERGISTIC EFFECTS EXIST 
BETWEEN THE SOIL CHARACTERISTICS MODIFIED BY 
CARPOBROTUS EDULIS? BESIDES CHANGES IN THE SOIL 
AND DIRECT COMPETITION WITH NATIVE SPECIES, WHAT 
OTHER VARIABLES ARE SIGNIFICANT IN THE SUCCESS OF 
INVASIVE CARPOBROTUS EDULIS? 
YENDO MÁS ALLÁ: EXISTEN EFECTOS SINÉRGICOS ENTRE LAS 
CARACTERÍSTICAS DEL SUELO MODIFICADAS POR 
CARPOBROTUS EDULIS?. ADEMÁS DE LOS CAMBIOS EN EL 
SUELO Y DE LA COMPETENCIA DIRECTA CON LAS ESPECIES 
NATIVAS, ¿QUÉ OTRAS VARIABLES TIENEN IMPORTANCIA EN EL 
ÉXITO INVASOR DE CARPOBROTUS EDULIS?  
(
(
(
(
Introduction 
 
As we saw in chapter 2, when C. edulis invades coastal habitats (Carranza et al., 2011), 
it modifies certain soil parameters (D’Antonio and Mahall, 1991; Vilà et al., 2006; 
Conser and Connor, 2009; Cogoni et al., 2011); some of which, such as in moisture 
content, pH, and salinity, influence the germination and early growth of native plants 
(Novoa and González, in Press), and persist following the removal of the invader 
(D’Antonio and Meyerson, 2002; Marchante et al., 2009). Thus, an improved 
understanding of the interactions between those factors is crucial for a better mitigation 
of the impacts caused by C. edulis in the Mediterranean ecosystems.  
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Once established, C. edulis produces a fleshly indehiscent fruit in early spring, which 
remains on the plant until autumn when it is eaten by a variety of native mammals 
(Bourgeois et al., 2005). Its distribution is to a large extent determined by humans 
acting as dispersal agent, using it as an ornamental plant or for dunes stabilization 
(D’Antonio 2006). But nowadays, the endozoochor dispersal of C. edulis by 
unspecialized consumers may also help to explain its success as an invader (D’Antonio, 
1990; Vilá and D’Antonio, 1998). 
 
Moreover, allelopathic interactions between alien and native species are one possible 
strategy for the success of plant invaders (Hierro and Callaway, 2003; Lorenzo et al., 
2010; Moravcová et al., 2011). The interaction between environmental soil factors and 
allelopathic effects of invasive plants has been repeatedly documented (Reigosa et al., 
1999; see Inderjit et al., 2008 for review) but never studied in C. edulis. Thus, in order 
to properly restore previously invaded ecosystem after the removal of C. edulis, it is 
important to explore the role of the possible allelopathic effect of the litter that remains 
on the soil after the invasive species has been removed. 
 
Since, as it was showed in the previous chapters, the interactions between invasive and 
native species at the germination stage of population development can principally affect 
the invasion success of C. edulis, and the recolonization of previously invaded 
ecosystems, we investigated several factors hypothesized to play a role in this species’ 
germination rate and early root growth. We also compared how these same factors 
affect a co-occurring annual native species, Malcolmia littorea (L.) R. Br.  
 
We generated a series of hypotheses based on the following premises:  
 
1. C. edulis changes the quality of invaded microsites, influencing the establishment of 
native plants (Chapter 2).  
 
2. The presence of Oryctolagus cuniculus L. (European rabbit) (Hierro and Callaway, 
2003) could contribute to C. edulis success (Pysek et al., 2012) as an invader in the 
studied area; this effect of rabbit was reported to interact with that of rats on offshore 
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islands in southeast France, facilitating invasions by invasional meltdown processes 
(Bourgeois et al., 2005). 
 
3. There could be allelopathic and competitive interactions between C. edulis litter and 
native dune species (Reigosa et al., 1999).  
 
4. Efforts to eradicate C. edulis and restore dunes, have failed (personal observation). 
Three years after the campaign to eliminate C. edulis the restored areas are reinvaded by 
C. edulis growing from seeds.  
 
 
Hypothesis 
 
1. There are potentially synergistic effects between soil pH, soil moisture and salinity in 
early competition between the native and the exotic species. 
2. European rabbits contribute to C. edulis spread.  
3. C. edulis exerts allelopathic effects on native plants and possibly on its own seeds.  
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Materials and Methods 
 
Seed collection and preparation for the germination experiment 
 
Seeds of the native species Malcolmia littorea and invasive Carpobrotus edulis were 
collected between 10th September and 10th October 2011 from at least 15 plants from 20 
different populations of each species located along 20 km in Pontevedra Coast, Spain 
(between 42°29’56.17’’N 8°52’16.22’’O and 42°20’16.22’’N 8°49’41.17’’O). The 
seeds were separated from the rest of the fruit and its accessory dispersion parts and 
stored in the dark at 4 ºC until assay. Two scarification treatments were defined as 
follows: (i) non-scarified seeds and (ii) seed scarified by endozoochry. A subset of the 
Carpobrotus seeds was mixed with food for European rabbits (O. cuniculus). After 
passing through the digestive tract of rabbits, the seeds were removed from the 
excrement. Seeds were surface-sterilized for 5 min in 0.1 % sodium hypochlorite, rinsed 
3 times in distilled water and dried at room temperature prior to the experiment to avoid 
fungal attack. 
 
Irrigation solutions  
 
Natural solutions (from rainwater) and laboratory solutions with distilled water were 
obtained. To collect rainwater we established plots (42° 28’ 37.6’’ N, 08° 51’ 29.8’’ W) 
in sites without historical episodes of Carpobrotus invasion, covered with native 
vegetation (N), those from which Carpobrotus was removed at the beginning of the 
experiment, prior to rainwater collection (C0), from which Carpobrotus was removed 
1.5 years before the beginning of the experiment (C1) and from which it was removed 3 
years before the beginning of the experiment (C3). These sites were not privately-
owned or protected in any way. At the time of sampling, there was still almost no 
vegetation in sites C0, C1 and C3, except for some C. edulis seedlings starting to 
establish there. Three traps per type of site were buried into the soil to collect water. 
Surface substrate (litter and soil) was removed carefully from a quadrat of 45 × 35 × 2 
cm and kept, as was the sand below up to 10 cm in depth. A plastic tray (40 × 25 × 6 
cm) protected with nylon net (mesh 1x1 mm) was placed in the hole, and covered with 
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the surface substrate. Rainwater that passed through the surface substrate was 
accumulated into the tray, collected and kept refrigerated. This provided us with a 
gradient of the rainwater treatments assumed to represent the strength of the previous 
effect of Carpobrotus on soil from which the rainwater was collected. Three replicates 
per plot were sampled. pH and conductivity of rainwater solutions were determined 
(Maun, 2009; Allen, 1989). 
   
Sample place Remove litter Remove surface substrate 
   
Put the plastic tray Put the surface substrate Put the litter 
Fig 1. Collect rainwater 
 
Laboratory solutions of different pH levels (7.5 and 8.5) and salinities (0.02 and 0.04 g 
NaCl/L) were prepared to mimic the values found in the study area in native (pH 8.5 
and 0.02 gNaCl/L) and invaded (pH 7.5 and 0.04 gNaCl/L) sites (Novoa et al. 
unpublished). We used 12 different irrigation treatments. Four from collected rainwater: 
(i) rainwater from N (1.5mL/week), (ii) rainwater from C0 (1.5mL/week), (iii) rainwater 
from C1 (1.5mL/week), (iv) rainwater from C3 (1.5mL/week). Eight solutions were 
prepared in the laboratory: (v) distilled water pH 7.5, 0.02 g NaCl/L (1mL/week), (vi) 
distilled water 7.5, 0.04 (1mL/week), (vii) distilled water 8.5, 0.02 (1mL/week), (viii) 
distilled water 8.5, 0.04 (1mL/week), (ix) distilled water 7.5, 0.02 (2mL/week), (x) 
distilled water 7.5, 0.04 (2mL/week), (xi) distilled water 8.5, 0.02 (2mL/week), (xii) 
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distilled water 8.5, 0.04 (2mL/week). Treatments (v) to (viii) represented low moisture 
conditions, (ix) to (xii) high moisture conditions. 
 
Germination experiment 
 
Seeds (from the mixed sample collected in the field) of M. littorea and Carpobrotus 
(scarified or not scarified by European rabbits) were placed on Petri dishes (diameter 
5cm) lined with filter paper. The seed competition treatment consisted of 10 seeds in a 
Petri dish representing controls (Malcolmia; scarified Carpobrotus; unscarified 
Carpobrotus) and mixtures of 5 seeds each of Malcolmia + scarified Carpobrotus, or 
Malcolmia + unscarified Carpobrotus). Five replicates of each treatment (controls and 
mixtures at each irrigation level) were placed in germination chambers with periods of 
12 hours of light and 25ºC/15ºC (temperatures and light regimes similar to those in the 
field). In total, 300 Petri dishes were used: [4 rainwater treatments × (2 competition+3 
controls) × 5 replicates] + [8 irrigation treatments x (2 competition + 3 controls) × 5 
replicates]. The germination experiments were performed at the Institute of Botany AS 
CR in Průhonice (Fig. 2.). 
 
 
Fig. 2. Germination experiment 
 
The number of germinated seeds was recorded every second day over three weeks. At 
the end of the experiment, root length of five random seedlings per Petri dish was 
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measured using caliper. Total germination rate (Gt) and the cumulative rate of 
germination (As) were calculated using germination data.  
 
Statistical analysis 
 
Data were analysed with the statistical program IBM - SPSS Statistics 19 (SPSS, Inc., 
Chicago, IL). The first exploratory analysis of the data was performed using box plots to 
detect and remove outliers. After the outliers were removed, we applied the 
Kolmogorov-Smirnov test to check the normality of the data, and the Levene test for 
homogeneity of variances to test their homoscedasticity. The data met conditions of 
normality and homoscedasticity and thus were analyzed using a simple factorial 
analysis of variance (ANOVA) and Tukey test for multiple comparisons.  
 
Prior to the main analyses, a preliminary test was done with a three-way ANOVA, using 
moisture, pH and salinity (low and high), and scarification (C. edulis seeds eaten and 
uneaten by rabbits) as factors (Figures 1 and 2; Tables 1 and 2). We also conducted a 
two-way ANOVA using rainwater treatments (N, C0, C1 and C3) and scarification as 
factors (Figure 3; Table 3). But, there were no significant interactions we do not show 
the results of the preliminary tests here. 
 
 
Results 
 
Effects of moisture, pH and salinity 
 
Malcolmia littorea germinated better at high moisture, as indicated by higher values of 
both germination metrics used (Fig. 3 A, B). The seed emergence was increased under 
high moisture at all combinations of pH and salinity; Gt values were up to 4 times 
greater at high than low moisture. However, neither salinity nor pH nor moisture had an 
effect on the germination of the invasive species C. edulis (Fig. 4 A, B and 5 A, B). 
The root growth of M. littorea and C. edulis (from both non-scarified and scarified 
seeds) was increased at high moisture (Fig. 3C and 4C and 5C respectively), but for 
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neither species was it significantly affected by pH or salinity (Tables 1, 2 and 3 
respectively).  
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Fig. 3. Total germination rate Gt (A), cumulative germination AS (B) and root 
growth (C) of the native species Malcolmia littorea as affected by moisture 
level. * indicates significant differences at 5% level between the seeds treated with 
high (2 ml per week) and low moisture (1 ml per week). Watering solutions reflect 
a combination of two pH and salinity (sal) levels: pH↓sal↓: pH 7, 0.02g NaCl/L; 
pH↓sal↑: pH 7, 0.04g NaCl/L; pH↑sal↓: pH 8, 0.02g NaCl/L; pH↑sal↑: pH 8, 0.04g 
NaCl/L. 
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Fig. 4. Total germination rate Gt (A), cumulative germination AS (B) and root 
growth (C) of the invasive species Carpobrotus edulis without scarification as 
affected by moisture level. *: indicate significant differences at 5% level between 
the seeds treated with high (2mL/week) and low (1mL/week) moisture. High 
moisture: 2 ml/week, low moisture: 1 ml/week. Watered conditions: pH↓sal↓: pH 
7, 0.02g NaCl/L; pH↓sal↑: pH 7, 0.04g NaCl/L; pH↑sal↓: pH 8, 0.02g NaCl/L; 
pH↑sal↑: pH 8, 0.04g NaCl/L. Sal = salinity 
 
0 
10 
20 
30 
40 
pH↓sal↓ pH↓sal↑ pH↑sal↓ pH↑sal↑ 
High moisture 
Low moisture 
0 
0,1 
0,2 
0,3 
0,4 
0,5 
0,6 
pH↓sal↓ pH↓sal↑  pH↑sal↓  pH↑sal↑ 
High moisture 
Low moisture 
* 
* * 
0 
0,2 
0,4 
0,6 
0,8 
1 
1,2 
1,4 
pH↓sal↓ pH↓sal↑ pH↑sal↓ pH↑sal↑ 
High moisture 
Low moisture 
132(((Going(further((
(
 
 A  
G
t 
  B  
A
S 
 
 C  
R
oo
t g
ro
w
th
 (c
m
) 
 
 Treatment 
 
 
Fig. 5. Total germination rate Gt (A), cumulative germination AS (B) and root 
growth (C) of the invasive species Carpobrotus edulis scarified as affected by 
moisture level. *: indicate significant differences at 5% level between the seeds 
treated with high (2mL/week) and low (1mL/week) moisture. High moisture: 2 
ml/week, low moisture: 1 ml/week. Watered conditions: pH↓sal↓: pH 7, 0.02g 
NaCl/L; pH↓sal↑: pH 7, 0.04g NaCl/L; pH↑sal↓: pH 8, 0.02g NaCl/L; pH↑sal↑: pH 
8, 0.04g NaCl/L. Sal = salinity 
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Competition 
 
Our results showed no competition between seeds of C. edulis and M. littorea as 
indicated by non-significant differences (P≤0.05) between pure and mixed seed 
cultures. 
 
Allelopathy 
 
We found no significant differences on pH or conductivity of rainwater solutions (fig. 
6).The rainwater passed through the soil surface of sites invaded by C. edulis 
significantly affected the germination and early root growth of Malcolmia littorea, 
reducing its total germination (Gt) and cumulative germination (AS) to 30-67% and 36-
68%, respectively (Fig. 7 A, B), of control values and root growth to 6-29% (Fig. 7C). 
This effect on germination was stronger in areas from which C. edulis was removed 
long ago (1.5 and 3 years) than on invaded areas from which C. edulis has just been 
removed. However, germination and root growth of Carpobrotus was never affected by 
treatments (Fig. 7). 
 
 
 
Fig. 6. pH and Conductivity levels of rainwater.Rainwater passed through a dune soil 
after the removal of C. edulis at the start of the experiment (C0), 1.5 yrs ago (C1), 3 yrs 
ago (C3) and rainwater from a dune soil never affected by C. edulis (N). 
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Fig 4. Total germination rate Gt (A), cumulative germination AS (B) and root 
growth (C) of the native species Malcolmia littorea and the invasive plant 
Carpobrotus edulis (scarified and not scarified) as affected by C. edulis litter. 
Different letters indicate significant differences at 5% level between the seeds 
watered with rainwater passed through a dune soil after the removal of C. edulis at 
the start of the experiment (C0), 1.5 yrs ago (C1), 3 yrs ago (C3) and rainwater 
from a dune soil never affected by C. edulis (N) 1: Malcolmia littorea. 2: 
Carpobrotus edulis not scarified. 3: Carpobrotus edulis scarified. 
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Discussion 
 
Effects of moisture, pH and salinity 
 
As it was indicated in previous chapters, annual dune species germinate in autumn or 
spring, in the rainy seasons when there is more water in the soil, and the salt content 
decreases (Maun, 2009; Balestri and Cinelli, 2004). To start germination, enough water 
of sufficient quality must be available. The water softens the seed coat so the radicle can 
emerge more easily and also solubilizes nutrients (Khurana and Singh, 2004). But a 
high salt content can block the germination process by the osmotic effect, drawing water 
from seeds (Bubel, 1998). It is known that when Carpobrotus invades coastal habitats, 
it modifies soil salinity, pH or moisture content (Moravcová et al., Gioria et al., 2012; 
D’Antonio and Mahall, 1991; Vilà et al., 2006; Conser and Connor, 2009).  
 
The germination process of M. littorea is stimulated by high moisture and low salinity 
(Chapter 2). This corresponds to the negative relationship of the seedling growth of 
dune species with increasing salinity and decreasing moisture (Seneca, 1972; Hesp, 
1991; Rodgers and Parker, 2003). Our results indicate, as salinity never appeared 
significant in the models, that moisture is the more important factor determining the 
seed germination of this native species. Carpobrotus edulis, on the other hand, seems to 
be rather plastic terms of response to soil conditions during germination; in general, 
high plasticity is typical of many invasive plants (Davidson et al., 2011; Martina and 
von Ende, 2012). Imperceptible changes in the physicochemical and biological soil 
conditions therefore put the native species M. littorea at disadvantage against C. edulis. 
 
The pH level is also one of the most important limiting factors of available soil nutrients 
(Okay et al., 2011). If the two factors are tested separately, both affect the radicle 
growth of M. littorea, which is stimulated by relatively low salinity and pH. Similarly, 
the shoot growth of C. edulis increased at high moisture (Chapter 2). Testing the 
salinity, moisture and pH level together, however, suggests that moisture is the major 
factor determining early seedling growth of both the native and invasive species. 
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Scarification 
 
Dispersal of seeds via the digestive tract of herbivores, endozoochory, has long been 
investigated (Cervan, 1997). Endozoochory may become an efficient mechanism for the 
spread of non-native species into new environments and of their dispersal in invaded 
areas (D’Antonio, 1990; Rejmánek and Richardson, 1996; Richardson et al., 2000). 
Carpobrotus edulis produces a fleshy indehiscent fruit with small seeds during spring, a 
period of the year when other food is scarce and in habitats in which no native species 
bear fleshy fruit (D’Antonio, 1990). Ripe Carpobrotus edulis fruit remains on the plant 
until it is eaten by a variety of mammals, including rabbits, deers… (Bougeois et al., 
2005; Vilà and D’Antonio, 1998).  
 
The role of European rabbit (Oryctolagus cuniculus) as seed disperser has been studied 
from a quantitative perspective mainly in the Mediterranean continental environments 
(D’Antonio, 1990; Cervan and Pardo, 1997) and its role in dispersing C. edulis seed has 
been documented (Vilà and D’Antonio, 1998; Marques and Mathias, 2009). Our results 
show that rabbits not only disperse C. edulis to new locations as reported previously ( 
D’Antonio 1990; Vilà and D’Antonio, 1998; Cervan and Pardo, 1997; Marques and 
Mathias, 2009) but also favor its invasiveness by increasing the probability that seeds 
will germinate and establish. 
 
Allelopathy 
 
Allelopathy is defined as an interference mechanism in which live or dead plant 
materials, including plant litter during the decomposition process, release biochemical 
compounds that exert an effect on associated plants (Wardle et al, 1998). Its action 
promoted the formulation of the “novel weapons hypothesis” that states that some 
invaders possess biochemical compounds that function as unusually powerful 
allelopathic agents, or as mediators of new plant–soil microbial interactions (Callaway 
and Ridenour, 2004). Moreover, plant litter has been shown to exert effect on 
germination in various ecosystems (Viard-Cretat et al, 2010) that, depending on 
situation may inhibit (Facelli and Pickett, 1991; Xiong and Nilsson, 1999) or increase 
seedling recruitment (Violle et al., 2006).  
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The natural solutions assayed on the native and invasive seeds showed an inhibition 
effect of C. edulis litter against M. littorea but not against C. edulis. When C. edulis 
invades coastal habitats, it grows between and on native vegetation, creating a 
monospecific cloak in just a few years and changing the substrate characteristics 
(Chapter 2). Wardle et al. (1996) proposed that in communities where the nature of the 
soil biochemistry is determined by a dominant plant species, effective and consistent 
allelopathic inhibition of one species by another is more likely to occur. So the 
allelopathic inhibition of native plant establishment by C. edulis litter was expected.  
 
An interesting result is that the germination of M. littorea was more suppressed by C. 
edulis litter accumulated a long time ago than by C. edulis litter recently accumulated. 
This can be most likely explained by the tissues of C. edulis decomposing slowly, 
during which process the substrate is modified (Conser and Connor, 2009). Plants 
producing tissues with slow litter decomposition contain high levels of secondary 
metabolites, and could therefore conceivably have a greater allelopathic potential 
(Wardle et al., 1996). Thus, the great production of litter by C. edulis (Conser and 
Connor, 2009) could ensure the accumulation of allelochemicals in the previously 
invaded area as the litter is decomposing.  
 
The experimental approaches frequently used for studying allelopathy have drawn 
considerable criticism from many plant ecologists (Wardle et al., 1998) since (i) it is 
difficult to correlate the concentration of chemicals used in the extracts with those in 
nature, (ii) the soil can significantly deactivate secondary metabolites (Inderjit el al., 
2008) and (iii) other factors such as ion concentration or pH might affect seed 
germination. We believe the effects observed in M. littorea have an allelopathic basis 
because the extracts used in this study are collected directly from rainwater in the soil 
and we found no differences in pH or conductivity of the solutions. But the effect of 
biochemicals can vary dramatically among different species (Inderjit el al., 2008). Thus 
the response of other native species is crucial to understand the allelopathy potential of 
C. edulis. 
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Implications for restoration  
 
Our study shows that the invasive species C. edulis exhibits features that make it a 
better colonizer of sand dunes than the coocurring native species M. littorea. 
Allelopathic effects, the ability to establish in drier microsites and efficient 
endozoochory by rabbits are among the mechanisms allowing C. edulis to invade. These 
facts may, however, provide some insights into difficulties encountered by managers 
dealing with this species invasion. In the study area, removal projects have been carried 
out in order to restore invaded dunes and have failed (Novoa and González unpublished 
and personal observation). Our results indicate that these removal projects may not be 
sufficient due to, among other things, the allelopathic effect of the litter that remains on 
the restored areas; its negative effects on germination of the native species Malcolmia 
littorea may manifest long after C. edulis is removed. In addition, rats and rabbits, the 
primary seed dispersers of Carpobrotus sp, can disperse the seeds of Carpobrotus up to 
one kilometre away from the invasive plant, improving its establishment (Bourgeois et 
al., 2005). This, together with the the efficient scarification of C. edulis seeds by 
mammals further constrains eradication efforts. 
 
 
Conclusions  
 
1. No synergistic effects exist among the soil characteristics modified by Carpobrotus 
edulis.  
 
2. Among the changes that Carpobrotus edulis causes on the dune soil, the most 
important is the moisture.  
 
3. The allelopathy effect of the litter, the dispersal by European rabbits and the soil 
moisture level, constitute some of the key factors on the invasion of Carpobrotus edulis. 
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CHAPTER 5 
 
IF WE DECIDE TO RESTORE AN AREA INVADED BY 
CARPOBROTUS EDULIS, IS IT ENOUGH TO REMOVE IT? 
SI DECIDIMOS RESTAURAR UNA ZONA INVADIDA POR 
CARPOBROTUS EDULIS, ¿ES SUFICIENTE CON RETIRARLO? 
!
!
!
!
Introduction 
 
Invasive plant species are among the serious environmental problems of today 
worldwide (Catford et al. 2012; Hulme,  Pyšek & Winter 2012; McGeoch et al. 2010; 
Richardson & Pyšek 2006;  Simberloff, Parker & Windle 2005; Mack et al. 2000), 
including Mediterranean region (Novoa et al. 2012; Gaertner et al. 2009; Millenium 
Ecosystem Assessment 2005; Hulme 2004), and affect resident species and 
communities by a wide range of impacts of which that on native biodiversity is most 
obvious (Simberloff et al. 2013; Gioria, Pyšek & Moravcová 2012; Pyšek et al. 2012a, 
b ; Pyšek & Richardson 2010; Winter et al. 2009, , Vilà et al. 2006). This brings about 
not only ecological effects but also huge economic costs. Despite of the assessment of 
economic consequences of biological invasions being still in its infancy, available 
estimates suggests that the costs are huge, be it assesses at global (Pimentel, Zuniga & 
Morrison 2005) or regional scale.  In Europe, a conservative estimate of costs of 
biological invasions reaches at least 12.7 billion euro annually (Kettunen et al. 2009), 
and in Spain alone, 10.1 million euro (Andreu & Vilà, 2007).  Therefore the study of 
invasive species’ removal and subsequent restoration of invaded areas became an 
important and promising line of research in invasion ecology in the last decades (e.g. 
Vosse et al. 2008; Bakker & Wilson 2004; Daehler 2003, D’Antonio & Meyerson 2002; 
Berger 1993). 
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In many parts of the world where C. edulis invades natural dune ecosystems (e.g. 
Southern Europe, California, Australia) removal projects have been carried out in order 
to restore invaded dunes but these efforts failed to achieve the ultimate goal of dune 
restoration. Due to the changes in the substrate, ruderal nitrophilous species typically 
replace the native dune species (Maurel et al. 2010).Andreu & Vila (2007) evaluated the 
ecological success of the manual removal of Carpobrotus species by comparing treated, 
noninvaded, and invaded plots in southern Spain. Treated plots from which C. edulis 
was removed harboured a higher number of species, especially that of annual plants, 
than invaded plots, but both types of plots had the same native plant cover and species 
diversity. Conser & Conor (2009) examined the residual effects of C. edulis on soil and 
found strong negative effects on the germination, survival and growth of Gilia 
millefoliata, an annual plant native to the northern coastal region of California. 
Increasing evidence in the literature on the residual effects of C. edulis invasion, 
including possible allelopathic effect of its litter (Novoa et al. 2012) suggests that to 
improve the restoration success, it is necessary to understand how this invasive plant 
affects co-occurring plant species by inducing changes in soil and what the duration of 
this impact on invaded ecosystem is.  Understanding these effects will help land 
managers, restoration practitioners, and scientist to more effectively manage and restore 
dune plant communities and create suitable conditions for native plant species (Cox & 
Allen 2008).  
 
Hypothesis 
 
1.  Carpobrotus edulis’ effects on chemical properties and microbial activity of invaded 
soils persist after the removal of the invader, creating residual effects of the invasion.  
2. Residual effects on soil inhibit re-establishment of native dune plant species after C. 
edulis has been removed. 
3. Species composition of communities that establish after the removal of the invader is 
different from that of natural communities in uninvaded sites, harbouring typical native 
dune species. 
4. Changes in soil properties resulting from C. edulis invasion promote the emergence 
of seedlings of ruderal nitrophilous species that establish in removal sites and by 
competing with typical native dune species, prevent their establishment. 
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Methods 
 
Study species 
 
For the field experiment, the target native species selected was again M. littorea. 
 
The target species used to test the hypothesis 4 above were two common species of 
coastal dunes, typically thriving in uninvaded vegetation (further referred to as ‘dune 
species’): Malcolmia littorea and Cakile maritima Scop. (Brassicaceae). Opportunistic 
species are represented by two species with ruderal life strategy (Grime 1977) that 
commonly appear in coastal dunes after the removal of C. edulis: Scolymus hispanicus 
L. (Asteraceae) and Dactylis glomerata L. (Asteraceae) (referred to as ‘ruderal 
species’). 
 
Malcolmia littorea 
 
Scolymus hispanicus 
 
 
Cakile maritima 
 
 
Dactylis glomerata 
 
Fig. 1. Species used to test hypothesis 4. 
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Study site 
 
The experiment was conducted at the dunes of Punta Ron (Fig. 1.) in O Grove, 
Pontevedra (42°29’52.91’’N 8°52’59.77’’W), the area with coastal oceanic climate 
from which C. edulis was first reported to occur in Spain in 1900 (GEIB 2006). The 
annual average temperature is 14.8°C, in warmer months (June-September) it reaches 
24.6°C, and the coldest average temperature is 6.4°C in December-March The average 
annual rainfall 1263 mm (O Grove meteorological station, 50-yrs average).  
 
 
Fig.2. Map of paired study plots (aerial photograph) in dunes of Punta de 
Ron, located in Pontevedra, Spain. 
 
Plant material 
 
Seeds of M. littorea and C. edulis were collected between 10th September and 10th 
October 2010 from at least 15 plants from each of 20 different populations of each 
species, located along 20 km in Pontevedra Coast, Spain (between 42°29’56.17’’N 
8°52’16.22’’W and 42°20’16.22’’N 8°49’41.17’’W). The seeds were separated from 
the rest of the fruit and its accessory dispersion parts and stored in the dark at 4 ºC until 
assay. Seeds were surface-sterilized for 5 min in 0.1 % sodium hypochlorite, rinsed 3 
times in distilled water and dried at room temperature prior to the experiment to avoid 
fungal attack.  
 
Native 
Invaded  
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Seedlings of Malcolmia littorea were taken in February 2010 from the same coastal 
sections as seeds. 
 
The seeds for testing the role of ruderal (opportunistic) species were provided by 
Semillas Silvestres S. A. (M. littorea, C. maritima and S. hispanicus) except D. 
glomerata seeds that were obtained from Semillas Cantueso. Seeds were kept in a cool 
and dry place until the setup of the experiments.  
 
Field experimental design 
 
Following Conser and Connor (2008) design, in November 2010 we delimited nine 
plots (1.5 × 0.5m) where C. edulis was present and nine uninvaded adjacent plots with 
native vegetation in Punta Ron. We cleared all aboveground biomass and litter from 
each plot. To prevent the attack of mammal herbivores, plots were protected with metal 
network. Plots were divided into three subplots of 0.5 × 0.5 m, and each of these was 
subjected to a different treatment: (i) sown with Malcolmia littorea seeds, (ii) 
transplanted with M. littorea seedlings and (iii) no addition of the native species (Fig. 
3.).  
In treatment (i) the sown seeds were divided into five groups of 10 seeds each. Each 
group was protected with a plastic tube of 12 cm in diameter to prevent seed from being 
carried away by water. 
 
 
Fig. 3. Field plots 
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Seeds were sown on 18 November 2010. Once the seeds germinated plastic tubes and 
some seedlings were removed (on 11 February 2011), leaving one seedling in each of 
the five groups in each subplot, in order to prevent plants from competing for space. In 
treatment (ii), five seedlings of M. littorea were transplanted to each subplot in February 
2011, on the same day as seedlings in the sown pots were thinned. Treatment (iii) 
served as a control.  
 
In sown plots, the number of germinated seeds was recorded weekly for three months. 
The recorded data were used to calculate two indices commonly used to describe the 
pattern of germination (Hussain et al. 2008): total germination rate (Gt), and the 
cumulative rate of germination (AS). Total germination Gt= (Nt×100/N), where Nt is 
the total number of seeds germinated at the last measurement time and N is the number 
of seeds used in the bioassay, is an overall measure of germination process. It detects 
possible stimulatory or inhibitory effects on germination, and reports the germination 
capacity of each species in each situation (Chiapusio et al. 1997). The Rate of 
Cumulative Germination index AS = (n1/1+n2/2+n3/3+...+nn/n), where n1,n2, n3… nn 
are the cumulative number of germinated seeds at time 1, 2...n throughout the assay. 
This index indicates the effect of treatment on the cumulative rate during each of the 
times (Bradbeer 1998; Dias 2001).  
 
In both sown and transplant plots, we measured life history characters (survival, leaf 
number,diameter and shoot length) of five plants from each plot since February 2011. 
At the end of the experiment (1 April 2011) we recorded root and shoot length of all the 
plants. 
 
Plant species diversity 
 
At the end of the experiment, plant species diversity in control plots (iii) was recorded. 
The species recorded were categorized according to their typical habitat into species 
confined to dunes and ruderal species (Gordon, 1998). 
 
Plant diversity was measured by using (i) Simpson’s diversity index, that takes into 
account the number of species present, as well as their relative abundances; (ii) Shannon 
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index, that takes into account the number of species and their evenness; and (iii) 
Margalef index, based on a numerical distribution of individuals of different species 
depending on the number of individuals in the sample (Magurran 1988). An increase in 
the values of the Shannon and Margalef indices is usually interpreted as an 
improvement in the state of the system, while high values of Simpson index indicate the 
opposite (Salas et al. 2004). 
 
Soil and litter collection 
 
Soil samples from coastal dunes in O Grove-Pontevedra (Northwest of Spain, 29 T 
509592 4705165) were collected in invaded and not invaded dune. We randomly 
established three squares (0.5x0.5 m and 10 m apart) in each dune (invaded and not 
invaded). In each square, 5 soil samples were collected from the top 10 cms. In invaded 
dune Carpobrotus plants were removed and litter beneath was carefully cleaned. In the 
native dune soil was collected after removing native plants. Samples from both sites 
were sieved (2.0 mm), homogenized and pooled in two sets: invaded and native. 
 
Litter was collected from an invaded dune (12000 square meters) in the same area 
where Carpobrotus edulis was removed 1.5 years ago. Three plots (0.5x0.5m 10 m 
apart) were randomized established and 5 samples of each one were collected, 
homogenized and pooled. 
 
Species strategy: dune vs ruderal species 
 
Seeds of M. littorea, C. maritima, D. glomerata and S. hispanicus were sowed on Petri 
dishes. Fourteen seeds were placed on a dish, either in pure cultures of each species, or 
simulating competition between dune and ruderal species with seven seeds of each  
group in all possible combinations (M. littorea + D. glomerata, M. littorea + S. 
hispanicus, C. maritima + D. glomerata and C. maritima + S. hispanicus). Petri dishes 
were filled with 2 g of soil from either uninvaded or invaded areas. When removal 
projects are carried out, the plants of C. edulis are removed from the dunes but their 
litter usually remains in place. Therefore, to test the effect of Carpobrotus litter, another 
set of Petri dishes were filled with 2 g of soil from invaded areas and 10 g of 
Carpobrotus litter. In total, 120 Petri dishes were established: 8 target species 
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combinations (4 pure cultures + 4 combinations of dune and ruderal species) × 3 soil 
types (uninvaded, invaded, invaded + litter) × 5 replicates. The germination experiments 
were performed at the Institute of Botany AS CR in Průhonice. 
 
The Petri dishes (Fig. 4.) were placed in germination chambers with periods of 12 hours 
of light/dark and 25ºC/15ºC (temperatures and light regimes similar to those in the 
field), and watered with 4mL of distilled water once a week. The number of germinated 
seeds was recorded every two days for three weeks. At the end of the experiment, 
radicle and shoot length of three random seedlings per dish were measured using 
caliper. Total germination rate (Gt) and the cumulative rate of germination (As) were 
calculated using germination data.  
 
 
Fig. 4. Petri dishes filled with C. edulis soil and litter. 
 
Dune restoration  
 
In October 2011 (one year after the removal of C. edulis), soil was collected in Punta 
Ron (O Grove, Pontevedra, Spain) from randomly established three plots (0.5 × 0.5 m 
and 10 m apart) in each dune (invaded, uninvaded) and from those three plots with C. 
edulis removed a year ago. From each plot, five soil samples were collected from the 
top 10 cm in the same way as describe above (see Soil and litter collection) and 
analysed for chemical properties (see Soil analysis). 
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In addition, we also assayed the following enzymes: β -1,4-glucosidase (EC 3.2.1.21), 
urease (EC 3.5.1.5) and phosphatase (EC 3.1.3.1.). We analyzed these enzymes because 
they are responsible for the carbon, nitrogen and phosphate cycle respectively. β -1,4-
glucosidase is the most important enzyme of the group of glycosidases, responsible of 
the carbon cycle (Szegi, 1988). For the analysis of glucosidase activity, we used the 
method of Allison and Vitousek (2005) because is widely used and very simple. Urease 
is a very stable enzyme and rarely influenced by drought, radiation, temperature, etc. 
(Fenn et al 1992). The most common method of urease activity analysis is described by 
Kandeler and Gerber (1988). The phosphatase is the hydrolytic enzyme of the 
phosphorus cycle most widely studied. Of the numerous methods of analysis of 
phosphatase activity, we used that of Tabatabai and Bremmner (1969), due to its 
simplicity and wide dissemination; it has practically become the reference method.  
 
The substrates for the β-glucosidase urease and phosphatase assays were p-nitrophenol 
(pNP) b-d-glucopyranoside, urea and pNP-phosphate, respectively. The substrates were 
made in Tris-HCl 1M for β-glucosidase, deionizer water for urea and MUB for 
phosphatase. There were five analytical replicates and five sample controls of each 
treatment. For the analysis of β-glucosidase (Allison and Vitousek, 2005), two grams of 
soil were added to 50 ml Tris-HCl 1M buffer solution, briefly shaken by hand for 1min. 
Three ml of the homogenate was mixed with three ml of substrate or buffer solution 
(sample control). Samples and controls were shaken for 1h and a half after which time 
3mL of 1.0M NaOH was added to terminate the reaction. Absorbance was measured at 
410 nm. In the case of urease (Kandeler and Gerber, 1988), one gram of soil was 
incubated for two hours with 1.5 ml of substrate (deionizer water for sample controls). 
13.5 ml of KCl 2M was added. The mixed was shaken during 30min. 1mL of the 
mixture was diluted in 9mL of water. 5 ml of sodium salicylate in sodium hydroxide 
and 2 ml of sodium dichloro isocyanic was added. Absorbance was measured at 690 
nm. Finally, one gram of soil was added to 4 ml of MUB and 1 ml of substrate (water 
for sample controls) for the analysis of phosphatase (Tabatabai and Bremner, 1969). 
The mixed was stirred during 1 hour and put in an ice bath to stop the reaction. 1 ml of 
CaCl2 and 4 ml of NaOH was added. Absorbance was measured at 400 nm. All the 
enzyme activities were expressed as µmol substrate converted per hour and grams of 
dry soil.  
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As recommended by German et al. (2011), we ran the enzyme assays at the 
environmental pH. Assays at the soil pH provide a measure of the potential activity 
under field conditions (Turner 2010). Thus, in this paper, we do not refer to acid or 
alkaline phosphatase, but to phosphatase activity at soil pH. 
 
Statistical analysis 
 
Data were analysed with the statistical program IBM - SPSS Statistics 19 (SPSS, Inc., 
Chicago, IL). The first exploratory analysis of the data was performed using box plots to 
detect and remove outliers. After the outliers were removed, we applied the 
Kolmogorov-Smirnov test to check the normality of the data, and the Levene test for 
homogeneity of variances to test their homoscedasticity. 
 
As the data met the condition of normality and homoscedasticity, they were analyzed by 
parametric statistics, using a simple factorial analysis of variance (ANOVA). In cases 
where ANOVA revealed significant differences, we used the Tukey test for multiple 
comparisons of means. 
 
The data on soil analysis were analyzed by Student’s t test. The plant diversity data 
were analysed by chi-square analysis. To test the role of ‘species strategy’ (ruderal vs 
dune species), a two-way ANOVA was performed on all soil types and species pooled, 
with ‘soil type’ and ‘species strategy’ as main effects.  
 
 
Results 
 
Germination, survival and growth 
 
Both total (Gt) and cumulative (AS) germination of M. littorea on soil from invaded 
plots was reduced to about a half of values recorded on that from uninvaded plots (Fig. 
1A). Shoot and root lengths of seedlings grown from seed did not significantly differ 
between both types of soil (Fig. 5A) and the same was true for transplanted seedlings 
(Fig. 5B). Seedlings of M. littorea sown in uninvaded soils had survival rates fifteen 
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times higher than those sown on C. edulis-invaded soils (Fig. 5A), but transplanted 
seedlings did not significantly differ in the rate of survival (Fig. 5B). 
 
A) Sown seed 
 
 
 
 
B) Planted seedlings 
 
 
 
 
Fig. 5. Germination indices, shoot and root length (cm) and survival rate measured 
at the end of the experiment for Malcolmia littorea plants growing on soil from 
uninvaded and invaded plots. Displayed separately are plots with (A)  M. littorea seed 
sown, and (B) seedlings transplanted. ** indicates significant differences between soil 
from invaded and uninvaded areas at 1% level, tested by ANOVA. 
 
The effect of soil type on the establishment of M. littorea seedlings was manifest until 
the fourth week of growth, with seedlings grown from seed on uninvaded soil producing 
more leaves than those growing on soil from invaded plots, but later on this effect 
disappeared (Fig. 6A). Seedlings did not differ in shoot length (Fig. 6A) and those 
growing from transplants were not affected by soil type in any of the two parameters 
measured (Fig. 6B).  
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A Sown seed 
 
B Planted seedlings 
 
 
Fig. 6. Leaf number, diameter and shoot length (cm) of Malcolmia littorea grown 
on soil from uninvaded and invaded plots. Displayed separately are plots with (A)  
M. littorea seed sown, and (B) seedlings transplanted. * indicates significant differences 
between soil from invaded and uninvaded areas at 5% level. 
Plant species diversity 
 
After removal of all plant species from uninvaded and C. edulis-invaded plots, many 
plant species are able to establish in the former. In contrast, only a few typical dune 
species are able to establish in areas previously invaded by C. edulis (Fig. 7).  
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Fig. 7. Frequency of dune species (number of individuals of each dune 
species/total number of individuals) recorded in uninvaded and invaded areas 
one year after the removal of vegetation cover.  
 
 
One year after the removal of vegetation cover, the number of dune species and their 
abundance measured by the number of individuals was higher in uninvaded than  
invaded plots but the opposite was true for ruderal species (Fig. 8). This indicates that 
invaded plots are recolonized by fewer but more abundant species and corresponds to 
significantly higher species diversity (P0.01) in uninvaded areas reflected by all three 
indices: Shannon (2.0 and 1.2 for uninvaded and invaded plots, respectively), Simpson 
(5.8 and 3.0) and Margaleff (2.6 and 1.1). 
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A. Number of individuals 
 
B. Number of species 
 
Fig. 8. Number of individuals (A) and species (B) recorded in uninvaded and 
invaded areas one year after the complete removal of vegetation cover. Values pooled 
from all plots in each category. 
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Species strategy: dune vs ruderal species 
 
Germination (P=0.010) and radicle (P=0.026) growth of target species were affected by 
the two ways ANOVA showed an interaction between plant species strategy (Grime, 
1977) and soil treatment (P0.05, two-way ANOVA). Table 1 shows the effect of soil 
treatment on germination and early growth of each target species; these effects are 
species-dependent. Germination rate in M. littorea was greatly enhanced (by 173%) on 
C. edulis-affected soil with litter and the same was true for total germination of C. 
maritima (by 150%). Shoot growth of M. littorea was also stimulated in invaded soil 
plus litter treatment (by 172%) but not in C. maritima. Opposite to this, invaded soil 
with litter reduced radicle growth of both M. littorea and C. maritima, by 43% and 15%, 
respectively, indicating that the establishment of dune species is constrained by C. 
edulis residuals in soil. Ruderal species did not respond to soil treatments (Table 1).  
 
Competition between the dune species M. littorea and two ruderal species S. hispanicus 
and D. glomerata was more intense on soil affected by C. edulis (Table 2). On soil from 
uninvaded plots, the only negative effect experienced by M. littorea was that on radicle 
growth in competition with D. glomerata. In the treatments with soil and/or litter from 
invaded plots, germination and growth of M. littorea was often inhibited by 
competition, with stronger effects resulting from competition with S. hispanicus on 
invaded soil with litter where the dune species’ germination was reduced by 58% (Gt) 
and 73% (AS), shoot growth by 45% and radicle growth by 20%. On invaded soil 
without litter, the same significant effects of competition with S. hispanicus were found, 
but the reduction was less pronounced and effect on germination rate not significant. 
Dactylis glomerata had significant negative effect only on radicle growth of M. littorea, 
reducing it by 14% on invaded soil and 20% if combined with litter (Table 2).  
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Dune restoration  
 
The results of soil analyses indicated significant differences (P0.05) between 
uninvaded areas, those invaded by C. edulis, and those restored, one year after the 
removal of C. edulis. Generally, there is an obvious tendency on restored soils to follow 
a trajectory to situation before invasion as indicated by most values being intermediate 
between those for uninvaded and invaded soils. For some parameters (salinity, Na and 
Mg contents) the values for restored areas do not differ from those found in uninvaded 
soils, while for others (e.g. moisture, phosphorus) full restoration is likely to be a longer 
process, and some properties, such as pH, organic matter contents or nitrates, remain at 
the same level as in invaded plots one year after restoration (Table 3). 
 
Table 3. Chemical propertise of invaded, uninvaded and restored soils one year after the 
removal of Carpobrotus edulis. Different letters row-wise indicate significantly 
different means at 1% level. 
 Invaded Restored Native 
pH 
8.37b 
(0.06) 
8.2b 
(0.03) 
8.86a 
(0.03) 
Moisture (%) 
15.16a 
(1.2) 
8.17b 
(0.9) 
4.74c 
(0.5) 
NaCl (mgKg-1) 
61.69a 
(3.7) 
50.77b 
(1.8) 
45.36b 
(3.6) 
Organic matter (gKg-1) 
8.25a 
(1.3) 
5.72a 
(0.9) 
2.98b 
(0.5) 
Pavalilable (gKg-1) 
48.8a 
(1.5) 
24.74b 
(0.5) 
21.71c 
(0.9) 
NH4+ (gKg-1) 
0.67a 
(0.05) 
0.64a 
(0.03) 
0.46b 
(0.01) 
NO3- (gKg-1) 
7.08a 
(0.9) 
7.28a 
(1.2) 
4.68b 
(0.6) 
NO2- (gKg-1) 
14.96b 
(1.3) 
13.33b 
(1.2) 
20.04a 
(1.8) 
Na+ (gKg-1) 
0.56a 
(0.12) 
0.47b 
(0.14) 
0.53b 
(0.13) 
Ca++ (gKg-1) 
13.5a 
(4.5) 
9.7b 
(3.8) 
14.0a 
(4.2 
Mg++ (gKg-1) 
0.98a 
(0.22) 
0.51b 
(0.44) 
0.45b 
(0.20) 
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Urease and phosphatase activities were higher in invaded soils, and the latter measure 
seems to follow restoration trajectory; on restored soils it was in between values 
recorded for invaded and uninvaded soils. Glucosidase activity did not differ among 
uninvaded, restored an invaded soils (Fig. 9). 
 
 
 
Fig. 9. Extracellular enzymatic activities in uninvaded, restored and invaded soils. 
Different letters indicate significant differences at 5% level. 
 
 
Discussion 
 
Germination, survival and growth 
 
Carpobrotus edulis had strong negative effects on the germination and survival of the 
native dune species Malcolmia littorea. Novoa and González (unpublished), found the 
total germination and germination rateof M. littorea seedling to be stimulated by a lower 
salinity level, and the latter measure also by lower level of nutrients in soil. As pointed 
above, salinity and nutrients were lower in uninvaded than invaded soils. A high salt 
content can block germination process by osmotic effect, drawing water from seeds 
(Bubel 1998). The stimulation by the lower nutrient condition could have evolved to 
sense the presence of other plants in the neighbourhood. In fact, the selection process 
has favoured the emergence of mechanism that allows seeds ‘feel’ its neighbours 
(Tielbörger and Prasse 2009).  
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When C. edulis invades coastal habitats, it builds up a deep duff layer where chemicals 
from the dried succulent leaves may leach into the soil (D’Antonio and Mahall, 
unpublished). This could be the reason of the 50% decrease in M. littorea survival in C. 
edulis patches found in our study. In addition, many ruderal, opportunistic species can 
establish in invaded soils. Thus, this decrease in M. littorea survival could be due to 
both the competition with the ruderal species and to the chemicals leachates from C. 
edulis litter decomposition. The growth of M. littorea was, however, reduced on C. 
edulis-affected soil only at intial stages of plant development; once plants are 
established, the effect of soils on growth disappears. From the restoration point of view, 
the problem thus seems to be in the establishment phase of native dune species’ 
population development. Changes in the substrate due to C. edulis invasion were shown 
to prevent establishment of native species (Conser and Connor 2009, Donath and 
Eckstein 2010, D'Antonio and Mahall 1991). Our results suggests  over-seeding as a 
suitable restoration strategy. As the survival and growth of M. littorea did not improve 
when seedlings are transplanted, restoration could rely on sowing seed instead of 
transplanting plants; this method is easier and cheaper.  
 
Plant diversity and role of ruderal species 
 
We showed that residual effects from C. edulis invasion affect native plant species (see 
also Conser & Connor 2008), the response of which, however, differs with respect to 
their ecological strategy. It has been shown before that ruderal nitrophilous species can 
replace typical native dune species in the process of recolonization (Maurel et al. 2010). 
A large number of species are not able to establish in the dunes after removal of the 
invader; those few that do are mostly opportunistic ruderal species (in the sense of 
Grime 1977) or species not confined to the dune habitat.  @ 
 
Our results (two-way ANOVA) showed that this replacement occurs since there was a 
significant difference between the opportunistic and typical dune species analyzed 
jointly. On soil previously invaded, the biological attributes of the opportunistic species, 
allow them to establish more easily than natives. On native soil it is the opposite, the 
typical dune species can establish more easily than opportunistic ones.   
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Taking into account the individual plant species analysis, our results showed clearly that 
the effects of Carpobrotus on the resident flora (at species level) are soil context 
dependent. Other invasive plants also showed different effects at functional plant group 
(Wardle et al., 2008) or species level (Lorenzo et al., 2010, Hussain et al., 2011, 
Lorenzo et al., 2011) on invasibility. In this sense, our results contribute to the ongoing 
debate about how the species change could influences community-level processes. 
 
The results of this study also play a role in support the “novel weapons hypothesis”, 
which proposes that some invaders possess biochemical compounds that function as 
unusually powerful allelopathic agents, or as mediators of new plant–soil microbial 
interactions (Callaway and Ridenour 2004). They Our results showed that is not just the 
changes in the invaded soil which exert effects on the establishment of each native 
seeds, but it is the litter that remains in the invaded areas after the removal of the 
invasive (Conser and Connor 2009). The germination process of typical dune species is 
improved by the litter of C. edulis, but once the seedlings are germinated, the 
establishment is deteriorated or even in some cases restricted. However, maybe due to 
its greater plasticity, ruderal species are not affected by the litter of C. edulis. Plant litter 
has been reported before to have both positive (Facelli and Pickett 1991; Xiang and 
Nilsson 1999) and negative (Bergelson 1990; Wedin and Tilman 1993; Singh et al 
1999) influences on growth and regeneration of plant species. Therefore, the presence of 
the C. edulis litter on the coastal dunes could promote even more the success of the 
ruderal species threaten the establishment of the native dune species.  
  
Besides the advantage that ruderal species could have in previously invaded areas, we 
found a negative effect of these species on the radicle growth of the typical dune species 
Malcolmia littorea. This disadvantage will not allow Malcolmia successfully obtain the 
scarce resources present in the dune (Olff et al 1993). The competitive plant interaction 
is species dependent (Callaway and Walker 1997). Scolymus always exert a significant 
detrimental effect on some ecophysiological parameters of Malcomia and Dactylis only 
showed a marginal significant effect. These competitive interactions between ruderal 
species and the native M. littorea are more detrimental for the typical dune species in 
the invaded and invaded plus litter treatments, where the ruderal species can best be 
established (D’Antonio, 1993). But we did not found any competitive interactions 
between Cakile maritima and ruderal species. So the presence of ruderal species could 
 
 
174  Restoration 
affect on just some native dune species or affect at different stages of the plant life cycle 
(Rousset and Lepart 2000).  
 
Our results showed that there is not only one reason for ruderal plant invasion after 
Carpobrotus removal. Ruderal species can take advantage of native dune species on 
previous invaded zones because of the effect of modified soil characteristics with 
attenuation of the hard coastal physical conditions, presence of litter, and the ability of 
that plant species to compete. This implies that if restoration actions only aim at the 
removal of the invader, as has been done so far with C. edulis in the study regions, the 
plant diversity of the restored area will be much lower than would correspond to that 
habitat. 
 
Natural restoration of the microbial community and soil properties 
 
The elemental soil analysis showed that most of the changes that C. edulis exerts on soil 
properties and microbial community (A. Novoa et al., unpublished) persist over time. 
However, the extracellular enzymes assay showed that the microbial community on 
restored soils follows a trajectory to situation before invasion. Thus, the persistence of 
the changes in pH, organic matter and nitrogen levels could be the reason why the 
ruderal species present an advantage in previously invaded areas (Maurel et al., 2010).  
 
 
Conclusion 
 
Carpobrotus edulis changes the soil properties, affecting the germination and 
establishment of the native species. However, these changes do not seem to affect the 
growth of the native species. 
 
Although the function of the microbial community can be restored with the removal of 
the invasive, most of the soil properties cannot. Thus, the opportunistic species could 
occupy the restored dunes, competing with the native dune species for space. 
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1. The coastline of the Iberian Peninsula is serious threatened by the invasive species 
Carpobrotus edulis. This implies a serious threat to 126 native coastal species, their 
biological relationships and their role in the ecosystem. 
 
2. Carpobrotus edulis has a major impact on the soil characteristics and nutrient cycle,!
varying the evolutionary distribution and relationships of native species.  
 
3. The residual effects of Carpobrotus edulis on native soil (particularly on the 
percentage of moisture) and the presence of the adult plants, seeds or litter of C. edulis, 
prevent the establishment of native flora,! not permitting natural recovery after the 
elimination of C. edulis. 
 
4. The dispersal by European rabbits promotes the invasive success of Carpobrotus 
edulis, increasing the area that is threatened. 
 
5. Although the function of the microbial community can be restored after eliminating 
the invasive species, this is not possible with the majority of the soil properties. As a 
result, opportunistic species can easily occupy the ‘restored’ dunes, competing with 
native dune plants for space.  
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CONCLUSIONES COMUNES 
 
 
 
 
 
1. La costa de la Península Ibérica se encuentra seriamente amenazada por la especie 
invasora Carpobrotus edulis. Esto implica una grave amenaza sobre 126 especies 
nativas de costa, sus relaciones biológicas y su función en el ecosistema. 
 
2. Carpobrotus edulis provoca grandes impactos en las características del suelo y en el 
ciclo de nutrientes, variando la distribución evolutiva y las relaciones de las especies 
nativas. 
 
3. Los efectos residuales de Carpobrotus edulis en el suelo nativo (especialmente en el 
porcentaje de humedad) y la presencia de planta adulta, semillas u hojarasca de la 
invasora, afectan al establecimiento de las plantas nativas, no permitiendo la 
recuperación natural después de la retirada de C. edulis 
 
4. La dispersión por conejos europeos favorece el éxito invasor de Carpobrotus edulis, 
incrementando su área de amenaza 
 
5. Aunque la función de la comunidad microbiana puede restaurarse tras la retirada de 
la invasora, muchas de las propiedades del suelo no pueden. Por lo tanto, las especies 
oportunistas acceden fácilmente a las dunas ‘restauradas’, compitiendo con las 
especies nativas por espacio. 
 
